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PROTECTIVE  COATINGS  FOR  TITANIUM  ALUMINIDE  INTERMETALLICS 


R.L.  McCarron  and  J.C.  Schaeffer,  GE  Aircraft  Engines; 

G.H.  Meier  and  D.  Berztiss,  University  of  Pittsburgh; 

R.A.  Perkins  and  J.  Cullinan,  Lockheed  Missiles  and  Space  Company 


Abstract 

Advanced  titanium  aluminide  intermetallics  are  being  developed  for  applications 
where  service  temperatures  are  in  the  range  650°C  to  900°C.  The  usefulness  of 
these  alloys  may  be  limited  by  oxidation  and  by  oxygen-induced  embrittlement. 
Successful  application  of  these  materials  requires  that  the  kinetics  of  oxidation  for 
the  base  alloys  are  parabolic  and  that  coatings  are  available  for  environmental 
protection  of  alpha-2  alloys  above  700°C  and  gamma  alloys  above  815°C. 
Results  of  an  ongoing  program  tc  meet  these  requirements  for  gamma  alloys  are 
presented. 


Introduction 

Gamma  titanium  aluminide  (y-TiAl  or  gamma)  alloys  are  being  developed  for 
application  in  aircraft  gas  turbine  engines.  Potential  applications  include: 
components  in  the  compressor,  turbine,  and  exhaust  sections  of  the  engine. 
Gamma  alloys  have  a  higher  specific  strength  and  specific  modulus  than  nickel- 
base  alloys  like  Alloy  718  and  Rene'41  which  are  currently  used  in  these 
applications.  These  properties  translate  into  better  fuel  efficiency  through  weight 
savings  if  y-TiAl  alloys  substitute  for  nickel  or  cobalt-base  alloys.  General  Electric 
Aircraft  Engines  (GEAE)  is  carrying  out  a  program  to  develop  a  coating  for 
environmental  protection  of  gamma  alloys  at  temperatures  above  700°C.  This 
program  is  sponsored  by  the  Naval  Air  Warfare  Center  at  Warminster,  PA. 
Researchers  at  the  Univers'ty  of  Pittsburgh  and  Lockheed  Missiles  and  Space  Co. 
(LMSC)  are  partners  with  GEAE  in  this  research.  This  paper  reviews  results  from 
this  ongoing  program. 
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A  gamma  alley  with  a  nominal  composition  of  Ti-47AI-2Cr-4Ta  (47-2-4)1  was 
selected  as  the  substrate  alloy  for  use  in  this  program.  The  isothermal  oxidation 
behavior  of  this  alloy  has  been  measured  by  Meier  at  800,  900,  and  1000°C2. 
Results  are  shown  in  Figure  1 .  The  ultimate  tensile  strength  as  a  function  of 
temperature  for  this  alloy  is  shown  in  Figure  2.  Work  is  still  in  progress  to 
determine  the  susceptibility  of  the  47-2-4  alloy  to  environmental  attack  by  high 
velocity  cyclic  oxidation/hot  corrosion,  hot  salt  stress  corrosion  cracking  and 
surface  hardening  due  to  interstitial  dissolution.  It  seems  prudent  to  assume  that  a 
coating  will  be  required  for  environmental  protection  in  most  applications. 


800°C 


50  100  150 
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Figure  1  -  Isothermal  oxidation  results  for  the  Ti-47AI-2Cr-4Ta  alloy  at  several 
temperatures. 
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Figure  2  -  Ultimate  tensile  strength  as  a  function  of  temperature  for  the 
Ti-47AI-2Cr-4Ta  alloy.  * 
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The  ideal  coating  for  y-TiAl  should  form  an  adherent  alumina  scale  similar  to  that 
on  coated  superalloys.  The  composition  should  be  adjusted  so  that  thermal 
expansion  mismatch  and  interdiffusion  are  minimized.  Work  done  at  the 
University  of  Pittsburgh  and  LMSC  identified  compositions  in  the  Ti-Cr-AI  system 
that  meet  these  goals3  4.  Applying  Wagner's  analysis5  for  the  transition  from 
internal  to  external  oxidation  these  workers  determined  that  a  third  element  must 
be  added  to  y-TiAl  alloys  in  order  to  form  alumina  scales  over  a  wide  range  of 
temperatures  and  compositions. 

Chromium  was  selected  as  the  best  third  element.  A  detailed  study  of  the 
oxidation  behavior  of  alloys  in  the  Ti-Cr-AI  system  was  made  at  800, 1100,  and 
1300°C.  An  oxide  map  showing  the  boundary  of  compositions  which  will  form  a 
continuous  alumina  scale  with  no  transient  oxide  in  air  at  each  temperature  is 
shown  in  Figure  3.  A  composition  boundary  for  alloy  melting  is  also  shown.  As 
temperature  is  reduced,  both  the  Al  and  Cr  contents  of  he  alloys  must  be 
increased  to  form  alumina  scales.  Alloys  that  can  form  alumina  in  air  at  all 
temperatures  from  800°C  to  the  melting  point  must  have  compositions  lying  above 
the  800°C  oxide  map  boundary  in  Figure  3. 

Coatinp/Process  Development 

Coating  development  is  based  upon  compositions  in  the  Ti-Cr-AI  system  and 
includes  evaluation  of  several  processes  for  coating  application.  Eight 
compositions  of  bulk  TiCrAI  alloys  were  selected  based  upon  the  800°C  boundary 
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Figure  3  -  Oxide  map  showing  the  composition  of  alloys  in  the  Ti-Cr-AI  system 
which  form  protective  alumina  scales  in  air  at  800°C,  1100°C  and 
1300°C  The  compositions  where  incipient  melting  occurs  at  1300°C 
are  also  indicated  on  the  map. 


in  Figure  3.  The  alloy  compositions  are  plotted  on  Figure  4.  Also  included  in 
Figure  4  is  an  approximation  ot  the  selected  gamma  alloy  composition,  Ti-47AI- 
2Cr-4Ta,  denoted  by  the  star.6 

The  program  consists  of  three  tasks.  Under  Task  1  the  bulk  TiCrAI  alloys  were 
prepared  in  the  laboratory  and  then  evaluated  for  oxidation  resistance, 
mechanical  behavior,  thermal  stability  and  thermal  expansion  properties.  Based 
upon  Task  1  results  several  coating  compositions  were  identified  for  coating  of  the 
gamma  alloy  in  Task  2.  Task  2  is  partly  a  coating  process  study  where  slurry 
fusion,  low  pressure  plasma  spray,  high  velocity  oxygen  fuel  spraying  and 
sputtering  were  evaluated  as  methods  for  applying  the  TiCrAI  coatings  to  the 
gamma  alloy.  Specimens  of  the  coated  gamma  alloy  were  then  evaluated  in 
oxidation  between  760°  and  1000°C.  Tasks  1  and  2  are  now  complete. 

Task  3  will  include  a  fine  tuning  of  the  best  TiCrAI  coating  composition  and 
process  where  specimens  will  be  evaluated  in  rigorous  environmental  tests  which 
closely  simulate  engine  conditions.  Finally,  the  effect  of  the  coating  and 
application  process  on  tensile  (R.T.  and  760°C  in  air)  and  creep  properties  (760°C 
and  1000°C  in  air)  of  the  gamma  alloy  will  be  evaluated. 
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Figure  4  -  Oxide  map  for  the  Ti-Cr-AI  system  showing  compositions  of  the  eight 
bulk  TiCrAI  alloys  and  the  baseline  gamma  alloy. 


Summary  of  Preliminary  Results 


Following  is  a  summary  of  the  key  results  on  the  program  to  date: 

(1 )  TiCrAI  alloys  with  Cr  contents  from  6-35  atom  percent  and  Al  contents  from 
47-55  atom  percent  form  thin  alumina  scales  in  air  at  temperatures  between 
760  and  1000°C.  An  example  is  shown  in  Figure  5  where  a  thin  continuous 
alumina  scale  is  observed  on  alloy  #8  after  1578  hours  of  cyclic  oxidation  at 
1000°C  in  air. 

(2)  Bulk  TiCrAI  alloys  have  excellent  cyclic  oxidation  resistance  at  900  and 
1000°C,  similar  to  coatings  used  on  Ni-base  alloys.  The  data  in  Figure  6 
illustrate  this  point,  where  a  higher  Kp  value  represents  more  rapid  oxidation. 
Data  from  this  program  show  that  the  gap  in  the  oxidation  resistance  between 
the  gamma  alloy  and  a  Ni-25AI  alloy  (nickel-base  alumina  former)  is  bridged 
by  the  TiCrAI  alloy. 

(3)  Fesults  of  diffusion  couple  studies  show  that  the  TiCrAI  alloys  exhibit  limited 
interdiffusion  with  the  gamma  alloy  substrate  containing  Cr  and  Ta  at  1000°C. 
"his  behavior  is  shown  in  Figure  7  for  TiCrAI  alloy  #6  on  the  Ti-47AI-2Cr-4Ta 
substrate  after  256  hours  of  exposure  at  1000°C.  The  Cr  rich  precipitates  in 
the  gamma  alloy  suggest  that  the  major  atom  movement  is  chromium  from  the 
coating  into  the  substrate.  If  the  depth  of  Cr  diffusion  is  equated  to  the  depth 
of  precipitation,  then  it  is  estimated  that  the  maximum  interdiffusion  after  5000 
hours  would  be  about  25pm. 
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Figure  5  -  Micrograph  of  alloy  #8  (Ti-55AI-6Cr)  after  1578  Hr.  of  cyclic  oxidation  at 
1000°C.  The  scale  is  a  thin  continuous  layer  of  alumina. 
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Figure  6  -  Plot  of  the  parabolic  rate  constant.  Kp.  vs  the  reciprocal  of  the  absolute 
temperature  for  a  gamma  alloy  (in  02).  a  TiCrAI  alloy  and  Ni-25AI7 
(the  'after  two  in  air). 


(4)  Measurements  have  shown  that  bulk  TiCrAI  alloys  have  larger  mean 

expansion  coefficients  than  gamma  alloys.  The  thermal  expansion  mismatch. 
Aa,  has  been  calculated  to  be  less  than  10%  in  the  temperature  range  where 
gamma  alloys  will  be  used  This  degree  of  mismatch  should  not  cause  failure 
at  the  coating/substrate  interface  because  the  thermal  stresses  produced  are 
less  than  the  fracture  strength  of  either  the  coating  or  substrate. 
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(5)  Formation  of  TiCrAI  coatings  on  the  gamma  substrate  has  been 
demonstrated  using: 

•  Sputtenng 

•  Low  Pressure  Plasma  Spraying 

•  High  Velocity  Oxygen  Fuel  Spraying 

•  Slurry  Fusion 

(6)  Thermodynamic  analysis  indicates  the  feasibility  of  producing  TiCrAI  coatings 
with  the  pack  cementation  process 

(7)  The  best  TiCrAI  coatings  to  date  have  been  applied  by  sputtering  The 
microstructure  of  the  sputtered  alloy  #4  (Ti-44AI-28Cr)  coating  on  the  gamma 
alloy  substrate  is  shown  in  Figure  8 


Figure  8  -  Micrograph  of  alloy  #4  (Ti-44AI-28Cr)  sputtered  onto  the 

Ti-47AI-2Cr-4Ta  gamma  substrate  Little  reaction  or  interdiffusion 
occurs  at  the  coating/substrate  interface  as  a  result  of  the  coating 
process 


Time,  Hr, 

Figure  9  -  Cyclic  oxidation  kinetics  for  a  gamma  alloy  coated  with  alloy  #4 
(Ti-44AI-28Cr)  are  similar  to  those  observed  for  bulk  alloy  #4 
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(8)  Isothermal  and  cyclic  oxidation  testing  of  sputtered  coatings  have  produced 
encouraging  results.  Cyclic  results  at  900°C  in  air  are  illustrated  in  Figure  9 
for  the  alloy  #4  (Ti-44AI-28Cr)  in  bulk  form  and  sputtered  onto  the  gamma 
substrate.  Note  that  the  weight  change  is  exceedingly  small  for  times  over 
2000  hours  and  that  the  coating  is  behaving  the  same  as  the  bulk  alloy. 


Summary 

Research  to  date  has  shown  that  a  range  of  alloy  compositions  in  the  Ti-Cr-AI 
system  form  protect  ve  alumina  scales  in  the  temperature  range  760  to  1000°C  in 
air.  These  alloys  can  be  applied  as  a  coating  on  a  gamma  alloy  and  provide 
excellent  oxidation  p.otection  via  the  formation  of  a  thin  adherent  film  of  C1-AI2O3. 
The  final  phase  of  thi.-~  research  program  will  evaluate  the  effects  of  »he  coating 
and  the  application  piocess  on  the  mechanical  properties  of  the  base  gamma 
alloy. 
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Introduction 

The  outstanding  mechanical  properties  of  titanium  have  led  to 
a  great  increase  in  the  field  of  application.  However,  one 
of  the  disadvantages  that  prohibit  further  increase  in  appli¬ 
cability  of  titanium  is  the  unsatisfactory  resistance  to  wear 
due  to  the  relatively  low  surface  hardness  / 1 / . 

In  order  to  increase  the  surface  hardness,  in  addition  to 
technical  alloy  measures,  it  is  possible  to  employ  carbon 
or  nitrogen  just  as  for  the  hardening  of  steel.  Because  of 
the  extreme  hardness  of  the  compound  TIN,  attempts  are  still 
being  made  to  generate  this  compound  on  the  titanium  surface 
and  to  anchor  it  firmly  in  the  base  material  by  means  of 
suitable  measures.  This  is  opposed  by  the  high  affinity  of 
titanium  for  oxygen,  which  makes  a  normal  thermochemical  sur¬ 
face  treatment  impossible,  e.g.  gas  nitriding  or  gas  nitro- 
carburizing.  This  work  describes  the  first  successful  devel¬ 
opmental  steps  in  high-pressure  nitriding,  a  process  for  the 
nitriding  of  titanium  by  means  of  a  thermochemical  reaction. 
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Nitriding  of  titanium  -  status  of  the  technology 


During  recent  decades  reports  have  been  published  on 
some  processes  which  are  also  used  productively  on  a 
small  scale.  Table  1  gives  a  survey  of  these  processes, 
and  compares  them  with  the  process  newly  developed  by 
Leybold  Durferrit  GmbH,  the  high-pressure  nitriding 
process . 


|  Surface  Nitriding  Processes 


Process 

Charac¬ 

teristic 

Medium 

Temperature 

range 

PVD 

coating 

vacuum 

900-500dagC 

Plasma-Spraying 

coating 

vacuum 

900-500  dagC 

Plasma-Nitriding 

dtfumton 

ptaama 

700-000 dagC 

Salt-Bath-Nitriding 

dtfuaion 

aaM 

tOO  dagC 

Laser  Nitriding 

1  Pressure-Nitriding 
|  TIDUNIT* 

atoytng 

dtfuaion 

mat 

>rL 

000-000 dagC 

T  able  1 : 


Processes  for  surface  hardening  of  titanium 


High-pressure  nitriding  -  a  new  process 


All  of  the  processes  mentioned  -  with  the  exception  of  the 
salt  bath  process  -  have  one  point  in  common,  that  in  order 
to  overcome  the  oxide  layer  barrier  they  must  be  preceded 
by  costly,  preliminary  cleaning  operations  (pickling, 
sputtering) . 

An  intensive  evaluation  of  the  literature  relating  to  the 
subject,  "High-pressure  nitriding,  of  metals",  and  initial 
spot  checks,  on  which  /2/  and/3/  report,  gave  indications 
that  a  treatment  of  titanium  in  gas  under  increased  pressure 
can  also  offer  advantages  with  respect  to  the  speed  of 
handling  and  the  depassivation  of  the  surface. 

The  high-pressui e  nitriding  of  titanium  materials  is  marked 
by  the  use  of  gas  (nitrogen,  ammonia,  or  nitrogen-ammonia 
mixtures)  as  transfer  medium.  This  process  can  be  employed 
in  the  temperature  range  of  600-800°C,  and  is  classed  as  a 
diffusion-controlled  process. 

Fig.  1  reproduces  the  processing  sequence  followed  in 
high-pressure  nitriding.  The  processing  steps  are  listed 
on  the  center  axis.  After  a  step  where  the  parts  are 
degreased  in  alkaline  soap  not  shown  in  Figure  1,  the  parts 
are  placed  on  normal  charge  carriers  similar  to  those  also 
used  in  the  vacuum  heat  treatment,  and  the  plant  is  charged. 
In  order  to  generate  a  low  oxygen  partial  pressure,  the 
plan*:  is  then  evacuated  to  10~2  mbar.  After  heating  of  the 
plant  to  nitriding  temperature,  the  actual  nitriding  process 
is  initiated  by  filling  of  the  plant  with  the  process  gas 
to  pressures  between  5  and  50  bar.  As  process  gas,  nitrogen, 
ammonia,  or  mixtures  can  be  considered. 


high-pressure  nitriding 
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When  N2  is  used,  nitride  layers  of  different  thicknesses 
are  built  up  depending  on  the  pressure,  as  reported  in 
/2,  3/,  however  these  layers  are  in  all  not  adequate. 

A  lowering  of  the  temperature  below  800°C  is  not  possible 
in  N2.  An  intensification  is  possible  in  ammonia  when  the 
hydrogen  that  has  diffused  in  is  removed  again  by  an  annea¬ 
ling  process  in  vacuum.  At  atmospheric  pressure,  increases 
in  hardness  are  attained  on  the  surface  of  pure  titanium 
when  the  treatment  temperature  lies  higher  than  900°C.  The 
high  temperatures  result  in  an  influence  on  the  base  metal 
which  can  not  be  tolerated  for  technical  applications. 
Through  an  increase  in  pressure  -  just  as  when  nitrogen  is 
used  -  an  improved  nitriding  effect  must  be  expected.  At  the 
present  time,  an  NH3  pressure  of  12  bar  can  be  built  up  in 
the  plant.  Higher  pressures  can  be  attained  with  ammonia- 
nitrogen  mixtures.  The  nitriding  treatment  is  concluded  by 
cooling  of  the  charges  and  release  of  pressure  in  the  plant. 
In  order  to  dehydrate  the  parts,  a  tempering  treatment  can 
follow  at  temperatures  between  300  and  A00°C  in  vacuum  at 
10"2  mbar. 

Our  own  studies 
Procedure 

In  order  to  test  the  process,  flat  test  specimens  of  pure 
titanium  (3.7033)  and  of  the  alloy  TiA16VA  (3.7165)  were 
nitrided  for  metallographic  studies.  The  surfaces  of  the 
test  specimens  were  precision-ground. 

The  experiments  were  carried  out  in  the  temperature  range 
of  600  to  900°C.  The  treatment  time  varied  between  1  and  A 
hours.  As  described  above,  and  proceeding  from  the  resjlts 
of  / 2 ,  3/,  the  medium  used  was  ammonia  at  a  pressure  of 
12  bar.  Follow’ng  the  nitriding  treatment,  the  test  samples 
were  tempered  at  300°C  in  vacuum  for  A  hours. 


Results  an  discussion 


After  a  nitriding  treatment  at  850°C  for  A  hours,  pure 
titanium  forms  a  lustrous  gold  layer  almost  20  pm  thick. 

By  means  of  SIMS  (secondary  ion  mass  spectroscopy)  it  has 
been  possible  to  establish  that  the  uppermost  layer  consists 
of  TiN.  Slight  impurities  with  carbon  and  oxygen  decrease 
rapidly  after  sputtering  off  of  the  uppermost  atomic  layers. 
The  cause  for  the  carbon  contamination  is  the  graphite 
lining  of  the  furnace.  Under  the  TiN  layer,  a  layer  of  Ti2N 
formsof  approximately  equal  thickness  which  is  converted 
into  a  zone  where  nitrogen  is  dissolved  in  the  titanium. 

From  the  hardness  indentations,  the  steady  decrease  in  hard¬ 
ness  is  illustrated  as  the  base  material  is  approached. 
Qualitatively,  the  same  surface  structure  applies  for  the 
titanium  alloy,  TiA16VA.  Here,  however,  the  layer  thicknesses 
are  considerably  less.  The  cause  for  this  is  the  formation 
of  stable  aluminium  oxides  on  the  surface  which  are  not 
reduced  under  the  conditions  given. 


Under  the  covering  layers  of  TiN  and  Ti2N,  a  layer  of 
globularly  formed  ct. -titanium  grains  can  be  recognized  which 
must  be  attributed  to  the  ^-stabilizing  effect  of  the 
nitrogen.  The  structure  of  the  base  material  is  not  affected. 
Although  hydrogen  diffuses  into  the  titanium  when  ammonia  is 
used,  and  hydrides  form  at  the  grain  boundaries,  these  can 
no  longer  be  detected  metallographically  after  an  optimized 
tempering  treatment  in  a  vacuum. 


Titanium 


high-pressure-nrtrided:  12  bar  NH3 
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fig.  2  Effecct  of  various  temperatures  andtimes  on 

the  compound  layer  of  pressure-nitrided  titanium 

Fig.  2,  where  pure  titanium  is  used  as  an  example,  show  how 
the  formation  of  the  surface  layers  on  pure  titanium  depends 
on  the  treatment  temperature  and  on  the  time.  After  a  treat¬ 
ment  time  as  short  as  60  minutes  at  600°C,  more  than  90%  of 
the  layer  thickness  has  been  attained  in  comparison  with  a 
treatment  of  4  hours. 


It  is  ovbious  that  with  "high-pressure  nitriding"  a  rapid 
and  efficient  reduction  of  the  surface  is  attained,  which 
together  with  the  high  density  of  the  medium  and  the  associa¬ 
ted  high  availability  of  diffusible  nitrogen  results  in  a 
considerable  shortening  of  the  process  time. 

The  courses  of  hardening  in  Fig.  3  for  different  treatment 
temperatures  show  that  in  every  case  a  hardness  of  about 
1000  HV  is  attained  in  the  temperature  range  of  inter-est. 

This  value  does  not  give  the  true  hardness  of  the  surface 
layer  because  influences  of  the  base  material  must  not  be 
ruled  out  in  the  measurement  process  employed. 


Hardness  of  Titanium 

high-pressure-nitrided:  12  bar  NH3 
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Fig.  3:  Hardness  of  titanium 
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The  studies  of  TiA16V4  (Fig.  4)  likewise  showed  that  after 
a  relatively  short  treatment  time  the  layer  build-up  is 
almost  completed.  In  contrast  to  pure  titanium,  the  layer 
thickness  at  high  temperatures  increases  only  moderately 
with  time.  The  reason  for  this  is  likewise  to  be  found  in 
the  aluminium  oxide  coating  on  the  surface,  which  can  only 
be  converted  to  suboxides  and  reduced  in  the  temperature 
range  starting  at  about  1100°C.  The  hardness  (Fig.  5)  like¬ 
wise  lies  in  the  range  of  1000  HV  when  treatment  tempera¬ 
tures  are  selected  above  750°C,  whereby  the  hardness  values 
of  the  surface  can  be  seriously  falsified  by  the  base 
material . 


TiAl  6  V4 


Hardness  of  TiAI6V4 

hlgh-pressure-nltrided:  12  bar  NH3 
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Fig.  4:  Effect  of  various  Fig.  5:  Hardness  of  TiA16V4 

temperature  on  the 
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of  pressure-nitrided 
T i A 1 6 V4 


Applications  engineering 


On  the  basis  of  the  encouraging  results,  applications 
engineering  experiments  were  carried  out  on  parts.  In  these 
experiments,  additional,  far-reaching  aovantages  are  found 
referring  to  the  geometry  of  the  part.  Fig.  6  gives  an 
overwiew  of  parts  made  of  titanium  which  were  surface- 
refined  by  high-pressure  nitriding  from  the  sectors 

medical  technology 

automobile  construction  (racing) 

machine  construction 

dental  engineering 

precision  mechanics. 

All  parts  represented  were  nitrided  in  the  temperature 
range  of  650  to  950°C  depending  on  specification. 


Fig.  6: 


High-pressure  nitrided  series  parts 


With  the  processes  known  in  the  past,  it  is  almost 
impossible  to  generate  uniform  surface  layers,  especially 
on  complicated  partgeometries .  However,  by  nitriding  under 
high  pressure,  even  points  where  access ; bi 1 i ty  is  difficult 
sucn  as,  For  example,  narrow,  deep  holes  and  blind  holes, 
undercuts,  threads,  etc.  can  be  nitrided  perfectly  and  at 
no  additional  expense. 


Summary 

High-pressure  nitriding  opens  up  new  possibilities  for  the 
use  of  titanium  alloys.  It  was  shown  that  through  employment 
of  this  process  a  thermochemical  treatment  of  titanium  is 
possible  even  at  temperatures  below  the  transition  tempera¬ 
ture.  The  process  gas  at  a  high  density  causes  the  rapid 
build-up  of  a  TiN  layer  without  the  material  having  to  be 
pretreated  for  reduction  of  the  surface.  It  is  possible  to 
attain  uniform  nitriding  of  evenparts  with  an  extremely 
unfavorable  geometry  at  no  additional  expense  for  the 
charging . 
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Abstract 

The  nitriding  reaction  of  formation  of  Ti-N  alloys  is  studied,  Microhardness 
measurements  are  used  for  the  mechanical  characterization  of  the  alloys  ;  and  D.S.C., 
D.T.A.  and  X-ray  diffraction  and  metallography  for  the  physical  characterization.  The 
phase  transformation  quenched  8-»  8'  is  complete  for  the  composition  33.8±0.5  at.%  N. 
The  enthalpy  of  reaction  being  AH  =  -64  Jg-1.  The  6'  phase  undergoes  peritectoi'd 
decomposition  at  800  ±10°C  according  to  the  reaction  8'  e  +  6.  A  partial  Ti-N 
equilibrium  diagram  is  proposed. 

Introduction 

The  transformation  of  the  quenched  8  -TiNo.5  phase  into  a  6'-TiNo.5  phase  by  low 
temperature  annealing  was  first  shown  by  Lobier  and  Marcon  |1J.  The  different  works  on 
the  Ti-N  phase  diagram  are  summarized  in  the  critical  review  of  Wriedt  and  Murray  12]. 
They  [2]  suggest  that  the  upper  limit  of  stability  of  the  8'  phase  is  800°C,  where  it 
coexists  with  e  -Ti2N  and  8-TiNx  in  a  peritectoid  equilibrium.  The  8'  phase  has  a  narrow 
homogeneity  range  around  37.5  at  %N.  This  subnitride,  derived  from  the  8-f.c.c.  phase 
by  ordering  of  the  nitrogen  vacancies  along  the  c  axis,  has  a  tetragonal  symmetry,  space 
group  I4i/amd,  a  =  4.1493  A,  c  =  8.7858  A  (3).  It  may  be  represented  as  a 
superposition  of  two  f.c.c.  lattices.  Lengauer  and  Ettmayer  [4]  have  shown,  firstly,  that 
quenched  8  -TiNo.5  is  transformed  into  8'  -TiNo.5  at  700°C  in  180  min,  then  transforms 
slowly  into  the  e  phase,  and  secondly,  that  the  8'  phase  appears  to  be  metastable.  In 
recent  work  (51,  the  present  authors  made  the  same  observation  and  indicated  that  the 
6'  phase  appears  within  the  limits  TiNo.5-TiNo6-  The  number  and  the  diversity  of  the 
proposals  relating  to  the  homogeneity  range  of  8'  have  led  us  to  undertake  a  deeper 
study  of  this  phase. 

Experiment!  procedures 

"Clean"  techniques  were  used  (pure  gas,  laboratory  vessels  perfectly  out-gassed, 
ultrahigh  vacuum,  non-reactive  sample  holders).  The  base  metal  used  was  pure  titanium, 
supplied  by  Cezus.  The  principal  impurities  (in  10‘6  atomic  fraction)  were  as  follows  : 
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280  carbon  ;  less  than  200  nitrogen  ;  900  •  1800  oxygen  ;  10  -  200  aluminium  ;  15-60 
vanadium  ;  50  chromium  ;  150  -  250  iron  ;  60  nickel  ;  25  zirconium.  The  nitrogen  gas 
used,  supplied  by  Air  Liquid,  had  a  purity  better  than  99.9999%.  Two  types  of  TiNx 
homogeneous  bulk  samples  were  produced  by  nitrogen  diffusion.  After  nitriding  at 
1300°C,  the  plates  45x10x0.4  mm3  were  homogenized  at  1300°C  for  600h.  These 
treatments  were  carried  out  by  r.f.  induction  heating,  the  samples  being  kept  inside  a 
cylindrical  reaction  vessel  of  nitrided  zirconium.  The  strip  bulk  samples  were  obtained  by 
direct  heating,  using  the  Joule  effect,  of  titanium  strips  measuring  150x10x0.12  mm3. 
The  main  aim  of  the  experimental  procedure  was  to  load  the  titanium  strip  with  nitrogen, 
over  a  known  length  and  in  an  homogeneous  manner,  by  introducing  a  definite  quantity 
of  nitrogen  into  the  reaction  vessel.  This  preparation  was  based  on  similar  work  on  Zr-0 
alloys  [61.  After  all  the  nitrogen  necessary  for  the  reaction  had  been  consumed,  pure 
argon  was  introduced  (105  Pa)  to  carry  out  homogenizing  annealing  for  485  h  [7).  The 
homogeneous  length  was  100  mm.  The  concentration  determined  by  the  definite 
quantity  of  nitrogen  gas  introduced  in  the  reaction  vessel  was  compared  with  that 
obtained  by  X-ray  diffraction  according  to  the  law  of  variation  of  the  lattice  parameter  in 
5  -TiNx(5|.  Some  samples  were  analysed  by  the  method  of  complete  hot  oxidation  of 
TiNx  into  Ti02- 

For  the  DSC  and  DTA  thermal  studies,  the  samples  were  placed  in  cylindrical  copper  or 
platinum  crucibles  which  were  then  crimped  to  render  them  gas  tight,  this  operation 
being  carried  out  in  a  glove-box  under  argon.  The  alloys  obtained  underwent  isothermal 
annealing  at  750°  and  950°C.  Finally  each  sample  was  studied  by  x-ray  diffraction, 
microhardness  and  optical  microscopy. 

Kinetics  Of  the  nitriding  reaction 

The  kinetics  of  the  mass  increase  Am  (fig.1)  of  the  samples  follow  a  law  of  the  parabolic 
type.  In  the  expression  of  the  form  Am*  =  Kt,  a  mean  value  of  x  =  1.9  is  obtained, 
instead  of  2  for  a  strictly  parabolic  law.  In  the  temperature  range  1410  -1500°C,  the 
following  expression  is  obtained  for  the  kinetic  constant  :  K  =  1.49  x  10-6  exp  (-275 
kJ/RT)  mg2cm-4s-1. 


Figure  1  -  Mass  increase  as  a  function  of  Time 

Vickers  microhardness 

The  results  are  given  in  Table  1 . 
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TABLE  1.  ■  Values  of  vickers  microhardness  (HV100  =  kg.mm-2) 
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The  test  load  of  lOOg  was  chosen  in  the  load  range  in  which  the  Meyer  Law  is  followed 
(the  slope  of  the  corresponding  straight  line  is  about  2  with  a  correlation  coefficient  = 
0.99).  The  microhardness  depends  on  nitrogen  concentration  but  is  little  influenced  by 
heat  treatment.  By  order  of  decreasing  microhardness,  the  results  were  ar  follows  : 

8  phase  >  6'  phase  >  e  phase  >  a  phase 


PSC. results. 


Three  alloys  of  composition  33.8,  34.7  and  35.3  at.%  N,  all  being  singlephase  5-TiNx 
after  quenching  ,  were  studied.  Figure  2  shows  an  example  of  DSC  curves  for  the  alloy 
of  33.8  at  %  N,  an  exothermal  transformation  appears  only  for  the  first  heating  cycle. 
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Figure  2  DSC  curves  AT  2,5°  C  min' 1  for  the  alloy  of  33. 8  at.  %  N,  first  and  second 

heating  cycles 


Table  2  gives  the  experimental  results.  With  the  increase  in  the  nitrogen  concentration  in 
these  alloys,  it  will  be  noticed  that  for  the  transition  quenched  8  6*  there  is  an  increase 

in  the  transformation  starting  temperature  (AT  =  50°C)  and  a  decrease  in  exothermal 
effect.  The  final  structural  is  single-phase  5'  for  the  alloy  of  33.8  at  %  N  and  becomes 
two-phase  (8 +  8')  for  higher  concentrations.  Kinetic  problems  for  the  formation  of  the  6' 
phase  appear  at  35.3  at.%  N,  an  exothermal  transformation  appears  for  the  first  and 
second  heating  cycles. 


TABLE  2.  -  DSC  results  at  1.25  and  2.5°C  min- 1  for  the  four  alloys 
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f* .  anti  H,  are  ihe  iniu.il.  maximum  and  final  temperatures  nf  ihc  l)S<  peak  respectively  .Ml is  the 
transition  enthalp) 

If  Kissinger's  method  is  applied  to  these  results  obtained  at  only  two  rates,  the  activation 
energy  of  the  transformation  is  evaluated  as  114  ±  1  kj  moM. 

OTA  resyfti, 

In  order  to  pursue  our  investigation  at  higher  temperatures,  two  alloys  were  studied  by 
DTA,  one  of  34.7  at  %  N,  the  other  of  35.3  at.%  N.  The  heat  cycle  rates  were  identical 
within  ±  3°C  min-1 .  Figure  3  shows  DTA  curves  and  Table  3  gives  the  results. 

TABLE  3  -  DTA  results  for  alloys  of  34  and  35.3  at  %  N 
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H  .  and  H,  .ire  the  initial,  maximum  and  final  temperatures  of  the  1)1  A  peaks  respectively 


34.7  at.%  N  alloy  :  On  heating  an  exothermic  peak  spreading  from  700  to  790°C 
corresponding  to  the  transition  quenched  6  ->  8',  can  be  seen,  along  with  an  endothermic 
peak  from  800  to  913°C  corresponding  to  transition  into  the  two-phase  domain  8  +  e. 
On  cooling,  only  one  exothermic  peak  is  observed  from  800  to  635°.  It  corresponds  to 
the  reappareance  of  the  S'  phase. 

35.3  at.%  N  alloy  :  On  heating  two  successive  peaks  can  be  seen,  but  they  are  of 
smaller  amplitude  than  those  of  the  preceding  alloy.  On  cooling  no  peak  is  observed. 


The  transition  of  quenched  8  -»  S’  appears,  for  the  three  alloys  as  an  irreversible 
exothermic  phenomenon  The  5'  phase,  thus,  has  a  lower  tree  energy  than  the  quenched 
phase.  The  quenched  8  -»  6'  transition  is  complete  for  33.8  at  %  N.  whereas  it  is 
incomplete  for  higher  concentrations.  The  decrease  in  the  transition  peaks  in  DSC  and 
DTA  with  the  increase  in  concentration  shows  that  the  proportions  of  the  8  and  8' 
phases  are  certainly  functions  of  the  concentration.  The  pentectic  corresponding  to  the 
reaction  8*  <=>  e  +8  can  be  drawn  at  800  ±  10°C. 
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Figure  3  -  DTA  heating  and  cooling  curves 

£  .  :tural  and  metalloaraphic  study,  phase  equilibrium  at  75Q  and  SSfl-lC 
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The  equilibrium  of  the  8.8’,  e  and  a  phases  were  studied  during  heat  treatments  under 
ultrahigh  vacuum. 

Isotherm  750°  C.  TT1,  48  h. 

The  graph  temperature  vs  concentration  (fig. 4)  shows  the  experimental  results.  The 
proportion  of  transformation  quenched  8  -»  8'  varies  linearly  with  concentration  in  the 
concentration  range  33.8-38  at.%  N.  Two  micrographs  (fig.  5  and  6)  snow  the  6' 
phase  in  two  alloys. 


Figure  4  -  Phase  diagram  after  annealing  at  750°  ITT1I. 

Figure  5  ■  33.8  at.%  N  alloy  after  annealing  at  750°C.  Surface  examination  of  the 
sample,  which  is  completely  8'  phase,  active  under  polarized  light  I Very  fme  needles  are 
formed  along  several  preferred  directions) 

1.W3 


Figure  6  ■  Alloy  of  35  3  at.%N  after  annealing  at  750°C  for  48h  Inside  the  primary 
grains  of  the  8  phase,  the  8'  phase,  active  under  polarized  light,  has  developed  as  very 
fine  needles  along  preferred  directions.  The  grams  are  not  all  occupied  by  the  8'  phase 

Isotherm  950° C.  TT2.  24h. 

The  structural  state  of  the  samples  annealed  at  950°C  after  quenching,  gives 
information  on  the  different  phases  present  at  this  temperature  (Figure  7  and  Figure  8)  : 
at  29.5  at.  %  N.  c  and  a  ; 
at  33.8  at.  %  N.  e  and  8  ; 


Figure  7  Phase  diagram  for  isotherms  950°C  ITT2)  and  750°C  ITT3I 


Figure  8  *  34.7  at  %  N  alloy  after  annealing  at  950°C.  surface  examination  of  the 
sample.  Micrographic  structure  is  in  a  state  of  granular  reorganization  e  +  <*  along  the 
previous  S'  needles. 

Isotherm  750°C.  TT3 

This  series  of  heat  treatment  cycles  (950°C  for  24h,  with  a  rapid  return  to  ambient 
conditions  followed  by  annealing  at  750°C  for  about  330h)  gives  information  on  the 
structure  at  750°C.  of  equilibrated  alloys  8  +  tof  known  characteristics  (fig  7). 

I.W4 


The  different  phases  present  are  as  follows  : 

35.3  at.  %  N  to  about  38.3  at.  %  N  :  the  samples  are  two-phase  5  +  5',  and  beyond 
this  limit  the  samples  are  single  phase  5  ; 

33.8  to  34.7  at.  %  N  :  the  samples  are  three-phase  e  +6  +6'  with  a  majority  of  e  ; 
29.5  at.  %  N  :  they  are  two-phase  e  +  a  with  majority  of  e. 

In  no  case  has  a  structural  state  with  a  majority  of  6’  been  observed. 

Comparing  the  structural  results  of  the  two  cycles  of  heat  treatment  carried  out  at 
750°C,  for  samples  having  the  same  concentration,  the  phases  obtained  are  different. 
The  proportions  of  5'  vary  according  to  the  original  structure  and  remain  constant  (about 
15%)  after  heat  treatment  of  type  TT3. 

The  fact  that  a  three-phase  domain  e  +  5  +  5'  is  found  for  an  annealing  time  of  330  h 
at  750°C  reveals  an  important  kinetic  problem  |4J.  Formation  of  e  from  5  is  a 
reconstructive  transformation  associated  with  nucleation  problems  probably  due  to  the 
generation  of  interfaces  of  high  interfacial  energy.  These  factors  greatly  slow  down  the 
low-temperature  transformation  rates. 


Conclusions 


CONCENTRATION  ATA  N 


Figure  9  -  Partial  Ti-N  diagram 


Fig(9)  gives  the  partial  TI-N  diagram  corresponding  to  the  present  results.  The  5'  phase, 
which  is  an  equilibrium  phase,  splits  up  on  a  peritectoid  at  800°C  ±10°C  according  to 
the  reaction  6'  o  e  +5.  For  temperature  under  800°C,  the  5'  phase  separates  two- 
phase  regions  :  the  first,  e  +  6’,  is  located  between  33  and  33.8  at  %  N,  the  second.  5’ 
+  6,  between  33.8  and  38  at.  %  N.  The  only  important  disagreement  with  Arbuzov's 
diagram  [8]  concerns  the  position  of  the  5'  phase,  which  he  situates  at  37.5  at.  %  N  and 
which  we  find  at  33.8  ±  0.5  at.  %  N. 
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THE  ELECTROPLATING  OF  TITANIUM 


FROM  NaCl-KCl  FUSED  SALT 

Shuzhen  Duan,  Ying  Kong,  Zhiyu  Qiao,  Xuefan  Gu. 
University  of  Science  and  Technology  Beijing,  Beijing  100083,  China. 


ABSTRACT 

The  electrochemical  reduction  and  electrodeposition  process  of  titanium  metal 
from  NaCl-KCl  molten  salt  have  been  studied  by  cyclic  voltammetry  and 
chronoamperometry.  It  has  been  confirmed  that  the  reduction  of  Ti  subchlorides  are 
stepwise  as:  Ti'*  +  e  =  Ti'*  ,Ti'*  +2e  -  Ti  and  electrochemically  reversible.  The 
diffusion  of  titanium  ions  is  rate-controlling.  The  deposits  of  Ti  have  been  found  to 
partially  diffuse  into  Pt  or  Fe  substrates. 

The  electrodeposition  of  Ti  metal  undergoes  instantaneous  three  dimensional 
nucleation  nucleation  and  growth  of  hemispherical  nuclei  controlled  by  diffusion  of  ions 
in  the  melt.  It  could  be  used  to  optimise  electroplating  process  of  titanium.  On  this 
basis,  high  quality  titanium  coatings  have  been  obtained  by  using  the  high  frequency 
pulse  potentiostatic  technique. 


Titanium  '92 
Science  and  Technology 
Edited  by  F.H.  Froe*  and  I.  Caplan 
The  Mineral!,  Metal*  &  Materials  Society,  1993 

!,W7 


INTRODUCTION 


Titanium  and  its  alleys  are  widely  used  as  important  materials  due  to  their  high 
melting  point,  low  specific  gravity,  corrosion  resistance  and  high  strength.  Electro¬ 
plating  of  titanium  onto  various  substrates  may  offer  combined  properties  of  Ti  and 
substrate  materials.  Hence  the  electroplating  of  Ti  is  an  efficient  method  to  more 
effectively  utilize  Ti  metal.  Recent  studies  have  dealt  with  electrodeposition  of  Ti  from 
molten  salts  because  Ti  could  not  be  deposited  from  aqueous  solutions. 
Electrodeposition  processes  in  molten  salts  are  generally  rate-controlled  by  diffusion  of 
ions  and  result  in  dendritic  deposits.  The  practical  experience  of  molten  salt  electro¬ 
plating  shows:  Due  to  the  influence  of  concentration  polarization,  the  irregular  profile 
produced  is  unavoidable  in  molten  salts  electroplating  ur.der  constant  current  density*1’. 

In  molten  salt  electroplating,  it  is  hard  to  find  the  complex  smoothing  and  leveling 
agents  which  may  be  used  to  control  the  quality  of  coated  layers.  Thus,  operation  under 
charge-transfer  (kinetic)  control,  or  control  of  initial  stage  of  nucleation  and  growth 
may  be  a  prerequisite  for  obtaining  coherent  deposits  of  Ti  metal"’. 

The  present  investigation  was  undertaken  to  determine  how  far  cathodic  reduction 
of  Ti  ions  occurs,  and  to  characterize  the  nature  of  electrodeposition  of  Ti  metal  from 
NaCl-KCl(l :  1  mol0/. )  molten  salt  by  cyclic  voltammetry  and  chronoamperometry. 
Based  on  these  studies,  it  is  easy  to  find  out  the  relation  of  the  forms  and  properties  of 
titanium  deposits  prepared  under  well  defined  electrochemical  conditions,  and  use  this 
to  optimise  the  properties  of  electroplate. 


EXPERIMENTAL 

Experiments  were  performed  in  a  stainless  steel  cell.  The  NaCI  and  KC1  salts  used 
were  of  analytical  purity.  The  electrolyte  NaCl-KCl  (l:lmol%)  was  contained  in  an  in¬ 
ner  alumina  crucible  and  dehydrated  under  vacuum  prior  to  use  as  temperature  was 
gradually  raised  to  480°C,  then  the  mixture  continued  to  be  melted  at  720°C  under  an 
argon  atmosphere.  It  was  followed  by  preelectrolysis  using  a  graphite  rod  electrode  until 
the  residual  current  was  less  than  0,5mA  /  cmJ.  Titanium  subchlorides  were  prepared  by 
the  reaction  of  Ti  metal  with  liquid  titanium  tetrachloride  in  a  NaCI  melt  at  700°C. 

The  potentiostatic  circuit  consisted  of  a  three-electrode  system,  Potentiaostat 
SHD-1,  and  an  XY  recorder.  The  reference  electrode  was 
Ag/ AgCl-(NaCl-KCl)*”  which  was  shielded  from  the  electrolyte  by  a  porcelain 
sheath  The  working  electrode  was  a  Pt  flag  or  a  pure  iron  sheet,  and  the  counter  elec¬ 
trode  was  a  graphite  rod.  A  Pt  wire  and  low  carbon  steel  wire  were  used  as  working  elec¬ 
trode,  pure  titanium  sheet  as  a  counter  electrode,  and  a  Ti  wire  as  reference  electrode 
during  chronoamperometric  experiments.  Because  of  disproportionation  of  Ti 
subchlorides,  electrochemical  measurements  should  be  carried  out  after  the  establish¬ 
ment  of  equilibrium  between  Ti  metal,  TiJ+  and  Ti3+,  which  was  determined  by  meas¬ 
uring  the  electrode  potential*”  E Tli,  /nu  vs.  Ag/ Ag(I) reference  potential. 

In  electroplating,  the  working  electrode  is  made  of  low  carbon  steel  wire,  the  coun- 
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ter  electrode  is  a  pure  titanium  plate,  and  the  reference  electrode  is  of  a  pure  titanium 
wire.  A  Mo  rod  was  used  as  an  indicating  electrode,  an  Ag/  AgCl  for  the  reference  elec¬ 
trode,  for  measuring  the  average  valance  of  the  system.  The  low  carbon  steel  rod  used  as 
the  substrate  of  electroplating  must  be  polished  in  a  stepwise  fashion  using 
metallographical  sand-paper  of  different  grades. 

The  electrolyte  NaCL:  KCL  (1 :1  mol)  containing  low-valance  titanium  salt,  (under 
sat.  Ti  sponge  conditions)  is  maintained  for  4  hours  to  achieve  equilibrium.  When  the 
average  valance  falls  below  2.35,  the  electroplating  can  proceed.  At  this  point,  the 
electrolyte  contains  4.4  wt%  TiCI2  and  2.0  wt%  TiClj. 

RESULTS  AND  DISCUSSION 

The  Study  of  Electrochemical  Process 

Fig.)  represents  typical  voltammogram  obtained  after  addition  of  Ti  subchlorides 
to  the  NaCI-KCl  melt.  There  are  two  reduction  waves  (a,b)  and  three  reoxidation 
waves  (c,  d,  and  e)  when  the  potential  scan  is  reversed. 

Peak  potentials  £ ‘  and  E*.  and  half-peak  potentials  E‘f/ ,  and  E^j,  are  virtu¬ 
ally  unchanged  with  increasing  scan  rate  v,  indicating  that  both  reduction  processes  are 
reversible”-51.  The  cathodic  current  peaks  /*  and  increase  linearly  with  an  increase 

! 

in  (scan  rate)2  at  various  concentrations  as  shown  in  Fig.2.  Both  reduction  processes 
are  diffusion-controlled”1. 

A  half-peak  potential  for  a  soluble  product  under  reversible  condition  is  given  by 
the  equation: 

E  —  E  =  2.20 RT / nF  (1) 

j/2  p 

According  to  equation  (1),  electron  numbers  n,  and  nb  of  electrode  reactions  for 
Ti3+  and  Ti3+,  respectively,  were  calculated  as  ti  —  1.27  and  nb  =2.07.  The  results 
show  that  cathodic  reduction  of  Ti  subchlorides  undergoes  two  steps:  TiJ++e  =  Ti,+ 
and  Ti2++2e  =  Ti.  The  deposition  titanium  metal  can  dissolve  into  the  Pt  substrate  and 
form  a  Ti-Pt  alloy.151. 

Typical  current-time  transients  obtained  for  electrodeposition  of  Ti  onto  Pt  elec¬ 
trode  is  presented  in  fig  3.  The  currents  did  not  simply  decay  with  time,  but  increased 
again  after  rapidly  decreasing.  This  is  characteristic  of  nucleation  and  growth  of  nuclei. 

i 

The  I  VS.  r2  relationship  corresponding  to  rising  sections  of  current-time  profiles 
under  various  overpotentials  shows  linear  dependence  with  increasing  stopes(fig.4).  It 
obeys  the  kinetic  equation  for  instantaneous  nucleaction(6,71followed  by  growth  of  three 
dimensional  nuclei  under  ions  mass-transfer  control: 

ill  i 

i  -  ZFnN 0(2DC)2  M2 12  /  p2  (2) 
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where  ZF  is  the  molar  charge  of  depositing  species,  D  is  its  diffusion  coefficient,  C  its 
concentration  in  mol  cm-3,  M  its  molecular  weight  and  p  its  density.  Hence,  the 
electrodeposition  of  Ti  onto  Pt  electrode  presents  instantaneous  nucleation  features. 

i 

The  slopes  of  /-(Mines  increases  with  increasing  overpotentials  a..d  indicates  that 
nucleation  rate  and  nucleation  densities  are  very  sensitive  to  the  magnitude  of 
overpotentials,  Nucleation  densities  increase  with  increasing  overpotential,  and  the 
crystallites  become  finer 

This  chronoamperommetry  study  reveals  that  electrodeposition  of  titanium  under¬ 
goes  an  initial  stage  of  nucleation  and  growth  of  nuclei  under  proper  overpotentials. 
Therefore,  it  is  possible  to  obtain  the  maximum  nuclei  density  by  controlling 
overpotentials  in  order  to  produce  a  coherent,  dense  and  adherent  deposit  of  Ti  metal. 

The  Electroplating  of  Titanium 

a.  Constant  Potential  Electroplating 

The  constant  potential  electroplating  means  an  over  potential  is  continuously 
maintained  during  the  process  of  electroplating.  The  results  from  investigating  of 
electrodeposition  show  that  it  is  the  same  for  the  Ti  deposition  as  that  for  other  metals, 
and  that  a  critical  nucleation  overpotential  exists.  The  constant  potential  must  be  higher 
than  the  critical  nucleation  potential. 

The  metallograph  shows  that  if  the  overpotential  is  under  constant  potential  elec¬ 
troplating,  a  branch  style  crystal  is  observed.  If  it  is  cleaned  by  dilute  sulphuric  acid,  the 
loose  branch  style  crystals  will  be  lost,  in  which  only  a  thin  uniform  layer  near  the 
substrate  is  left,  as  shown  in  Figure  5.  The  thickness  of  the  coated  layer  abtained  from 
the  process  of  constant  potential  method  is  rather  thin  (5 — 6/x). 

b.  Pulse  Potential  Electroplating 

Two  types  of  pulse  electroplating  have  been  used.  One  is  with  low  frequency  pulse, 
or  in  other  words,  the  time  interval  for  nucleation  is  about  several  seconds.  The  other  is 
with  higher  frequency,  that  is  10-2— 10'4sec.for  nucleation. 

1.  Low  Frequency  Pulse  Electroplating 

After  each  nucleation,  the  potential  on  electrode  drops  to  zero  (relative  t r  Ti 
reference  electrode),  hence  no  nucleation  occurs  on  the  electrode,  about  20mA  dis¬ 
solving  current  is  proceeded,  the  concentration  of  Ti  ions  on  the  surface  of  electrode  is 
increased,  this  will  be  benificial  to  the  nucleation  for  the  next  pulse.  After  the  pulse  sus¬ 
tains  a  period,  the  layer  near  the  substrate  with  partial  branch  style  crystal  components 
evidently  reduces,  and  the  rate  of  covering  is  increased  clearly  (Fig. 6).  In  low  frequency 
pulse  electroplating,  when  ij,  =-350  to  -500mv,  t=  2sec.  or  3sec,  i;2  =  0,  the  tir  >e  for  on 
and  off  ratio  t,/t2  =  2:l  or  1:1,  and  after  several  pulses,  the  coated  layer  on  the 
substrate  has  rather  good  cohesion  and  high  covering  rate. 

2.  Higher  Frequency  Pulse  Electroplating 

Many  papers  indicate  that  pulse  electroplating  can  produce  high  quality  coating 
which  are  much  better  than  these  from  direct  current  electroplating,  Not  only  is  the 
crystallization  of  the  coating  fine ,  the  grain  of  crystal  small,  and  the  holes  on  the  coating 
reduced,  but  also  impurities  in  'he  coating  largely  reduced.  Thus,  the  purity  of  the  layer 
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is  enhanced,  and  corrosion  resistance  is  improved. 

In  our  experiments,  square-wave  voltage  pulses  are  used,  in  which  r,  and  t2  are 
all  in  the  range  of  lO^-lO^sec..  Fig. 7  shows  that  the  good  covering  rate  and  fine  struc¬ 
ture  of  the  coating  can  be  obtained  near  the  substrate  under  conditions  of:  =~350~ 
-500mv,if2  =  0,  /,  =  lO^-lO^sec,  and  an  on  /  off  ratio  t,  / 12=  1:1:  or  2:1. 

The  Characteristics  of  Coating 

The  covering  rate  of  a  coating  is  the  criteria  of  the  quality  of  the  layer.  Fig. 8,  which 
corresponds  to  Fig. 7  represent  the  topographs  of  coatings.  These  pictures  show  that  the 
grain  sizes  on  the  surface  are  uniform,  no  holes  are  present  and  a  better  covering  rate 
was  achieved.  The  energy  spectrum  obtained  from  a  scanning  electromicroscope  indi¬ 
cated  that  the  coating  is  pure  Ti  metal.  (Figure  9). 

CONCLUSIONS 

1. The  electrolytic  reduction  process  of  titanium  ions  in  NaCl-KCl  melt,  at  720C  ,  has 
been  studied  by  cyclic  voltammetry.  The  results  indicate  that  the  cathodic  reduction  of 
Ti(IU)  and  Ti(  II )  are  Ti(  III  )+e  =  Ti(  II  )  and  Ti(U  )+2e  =  Ti,  and  both  reductions  are 
diffusion  controlled. 

2. The  electrocrystallization  of  titanium  has  been  studied  by  chronoamperometry.  The 
chronoamperogram  showed  that  the  deposition  process  of  Ti  involves  instantaneous 
three  dimensional  nucleation  followed  by  growth  of  nuclei  contolled  by  diffusion  of 
ions  in  the  melt. 

3. The  method  of  constant  potential  or  the  method  of  pulse  electroplating  can  produce  a 
fine  structure  Ti  coating  on  low  carbon  steel  substrate  for  NaCl-KCl  (1:1  molar 
radio)  molten  salt  system  under  700U  .  The  stability  of  the  experiment,  the  uniformity 
of  the  coating,  and  the  covering  rate  obtained  by  the  pulse  electroplating  are  better 
than  those  associated  with  the  constant  potential  method.  Fine  structure  crystals  can 
be  achieved  at  the  beginning  stage  of  nucleation  in  NaCI-KCl-4%TiCl2-2.2% 
TiClj  at  700U  under  the  following  two  sets  of  conditions. 

a.  low  frequency 

if,  =— 350mv- — 500mv,  i}2  =0,  /,  =2-3sec, and  i2  / <,  =  1:1  or  1:2. 

b. higher  frequency 

if,  =-350mv — 500mv,  rj2  =0,  /,  =  10  ~2—  10  4  sec, and  t2 //,  =1:1  or  1:2. 
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Fig.l.  Typical  Voltammogram  obtained 
using  a  Pt  electrode  (A  =  0.24cm:) 
T  i  C  1  2  =  0  .  7  0  %  w  t  , 
TiClj  =  0.44%  wt. 


Fig-2.  Plots  I*  ,  l£-v,/J(Pt  electrode) 


Fig.3.  Chronoamperograms  for  the  re¬ 
duction  of  titanium  ions  in 
NaCI-KCI  at  700C 
(TiClj  4.0%wt,  TiClj  2.2%wt,  Pt 
electrode,  S  =  0.0 16cm,  vs. 
Ti+J  /  Ti+3) 


Fig.4.  Ip  vs.  tl/  1  plots  for  the 
growth  of  titanium  nuclei  on 
a  Pt  electrode. 
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Fig.5.  Transverse  section  of  Ti  coating 
(375x),  constant  potential  electro¬ 
plating.  tf,  =  -300mv,  t=10min. 


Fig.6.  Transverse  section  of  Ti  coat¬ 
ing  (1400x)  Low  frequency 
pulse  electroplating. 

»fl  =  -400mv,  rjj  =  0. 
t,  =  3  sec,  tj  =  I  sec. 


Fig. 7.  Transverse  section  of  Ti  coating 
(lOOx)  High  frequency  elctroplat- 
ing  »f|  =  -350mv,  rf2  =  0,  t,  =  3 

x  lO^scc.  tj  =  2  x  10~*sec. 
Electroplating  time  30  min. 


Fig. 8.  Topograph  of  coating  (HOOx) 


Fig  9  Energy  spectrum  of  the  coating  surface 
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THE  STRENGTHENING  OF  FRICTION  UNIT  PARTS  PRODUCED 


OF  TITANIUM  ALLOYS  BY  EXPLOSIVE  COATINGS 
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Sankt-Petersburg,  193167, Russia 


Abstract 

The  paper  deals  with  tensile  properties  increasing  methods  by  oxide  coatings 
the  results  of  selection  crating  composition,  based  in  A1203. 

The  features  of  coating  formation,  their  structural,  phase  and  stressed 
state  are  established. 

The  explosive  oxide  coatings  are  applied  to  increase  the  life  of  shaft  and 
seals,  support  and  stop  pump  beartigs  gears,  engines  and  other  products  of 
titanium  alloys. 


Introduction 

The  titanium  alloys  are  known  to  have  low  inherent  tribotechnical  characte¬ 
ristics  limited  by  the  sensitivity  of  the  titanium  to  friction  contact  adhe¬ 
sion.  There  exist  several  methods  to  increase  the  wear  resistance  of  the  ti¬ 
tanium  alloys.  The  paper  deals  with  the  tribotechnical  characteristics  of 
the  explosive  oxide  coatings  applied  on  the  specimens  of  the  titanium  alloys. 
The  aluminium  oxide  coatings  are  charactrized  by  a  high  wear  resistance, 
corrosion  resistance  and  can  be  applied  in  various  friction  units,  operating 
in  agressive  media. 

The  coatings  of  0,3  -  0,5  mm  in  thickness  were  applied  by  the  explosive 
spraying  performed  on  explosive  facilities  "Prometey".  The  distance  of  spray¬ 
ing  is  150  -  160  nm.  The  spraying  was  performed  on  the  specimen  surface, 
pretreated  by  an  abrasive- jet  method  up  to  R  =  20  -  30^ m.  To  increase  the 
cohesion  strength  of  the  oxide  coating  Cr203  and  Ti02  were  added  to  the  coa¬ 
ting  (up  to  10  %  by  weight)  electrocorund  (<jY-A1203)  of  particles  racing 
spraying  coating.  It  was  established  that  the  chromium  ana  the  titanium  addi¬ 
tions  reduce  the  porosity  of  the  oxide  coatings  and  increase  the  hardness. 
The  cooling  rate  of  the  coating  material  ranges  to  10?  -  10^  grad/s  and  be¬ 
cause  of  this  at  the  time  of  crystal ization  a  non-equilibrium  ^-AljOj  phase 
is  formed  in  the  coating.  The  «(-ray  structural  studies  show  that  the  oxide 
coatings  with  maximum  cohesion  strength  contain  up  to  95  %  of  ^-Al!03t  the 
balance  is  o(-A1203.  The  chromium  oxides  in  the  form  of  an  individual  phase 
isn't  observed  in  the  coating.  When  spraying  the  chromium  oxide  dissolves  in 
A1j03  and  the  spectrum  analysis  of  electron-paramagnetic  resonance  indicates, 
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that  the  dissolution  occurs  in  dL- A1203,  preferentially.  The  chromium  oxide 
at  the  spraying  is  reduced  partially  to  a  metallic  chromium.  The  titanium 
oxide  in  the  form  of  rutile  and  brukite  modifications  were  observed  in  the 
coating,  applied  by  the  spraying  of  the  appropriate  mixture. 

The  microhardness  of  the  coatings  loaded  by  50  g  changes  in  the  range  of 
10  -  13  GPa.  The  adhesion  strength  of  the  coating  was  evaluated  by  pin  me¬ 
thod  in  dependence  of  the  spraying  parameters.  It  amounts  to  35  -  40  MPa  for 
the  A1203  +  Cr203  coatings  30  -  32  MPa  for  the  A1203  +  Ti02  coatings. 

The  tribotechnical  properties  were  studied  on  precision  friction  machine.  The 
friction  on  the  machine  is  established  between  the  end  surface  of  the  three 
columns  of  5  mm  in  diameter  and  the  end  of  the  ring  with  diameter  of  52  x  32. 
The  following  homogeneous  friction  pairs  were  investigated:  explosive  coa¬ 
tings  1)  A1203  +  Cr203;  2)  A1203  +  Ti02;  3)  A1203  (Table  1).  The  wear  resis- 

Table  1  The  test  results  obtained  on  precision  friction  machine  with 
friction  rate  of  0,25  m/s  and  friction  length  of  5  km 


The  material 
of  coating 

Friction  parameter 
lubrication  pressure, 
MPa 

Friction 

coefficient 

Wear  criteria 

I  x  10y, 

0  1/MPa 

A1203 

Water  5.0 

0.26  -  0.87 

0.54 

A1203  +  Cr203 

Water  1.0 

0.06  -  0.30 

0.23 

A1,0,  +  TiO, 

Water  2.0 

0.06  -  0.19 

0.18 

Al-,0.,  +  TiOp 

Water  10.0 

0.43  -  0.60 

0.17 

Water  20.0 

0.27  -  0.55 

0.14 

A1203  +  Cr203 

Dry  2.0 

friction 

0.37  -  0.81 

1.80 

tance,  friction  coefficient  and  working  surface  condition  were  used  as  the 
criterions  of  estimation  of  the  capacity  for  work  with  friction.  The  wear 
resistance  was  evaluated  by  direct  measurements  of  the  wear  by  vertical 
comparator  with  scale  division  of  0.1  jjm.  The  relative  wear  criteria,  I  , 
is  obtained  by  the  formular: 


where 4h  is  a  linear  wear,  sm, 
q  is  a  pressure,  MPa, 

L  is  a  friction  length,  sm. 

The  tests  on  the  precision  friction  machine  indicate  that  the  explosive  coa¬ 
tings  based  on  A1203  modified  by  Cr203  and  Ti02  additions  are  characterized 
by  a  higher  carrying  capacity  and  wear  resistance  compared  to  the  coatings 
of  the  pure  A1?03.  It  is  of  note,  that  after  the  tests  the  friction  surfaces 
of  the  specimens  were  operable,  have  no  surface  damanges  and  a  roughness  of 
the  surface  was  improved  approaching  to  that  of  the  polished  surface. 

The  Figure  1  shows  the  data  of  the  relative  wear  resistance  of  the  explosive 
coatings  and  oxidized  titanium  specimens  of  the  Ti  +  5  %  A1  alloys. 

It  is  obvious  that  the  explosive  coatings  not  the  common  thermal  oxidizing 
allow  to  rise  the  tribotechnical  properties  of  the  parts  of  the  friction 
units  of  the  titanium  alloys  appreciably  and  to  expand  the  application  range 
of  the  titanium  alloys  in  the  machinebuilding. 

The  developed  coatings  were  applied  to  increase  the  surface  life  of  the  pro¬ 
ducts  with  the  friction  units  in  the  form  of  sliding  ball-bearings  and  mo¬ 
vable  seals  and  also  to  harden  the  seals  of  the  fifting  gates.  They  provide 
the  surface  life  up  to  60  000  hours, the  pressure  up  to  20  MPa,  the  friction 


1.  w’l/MOa 


Figure  1  The  comparative  wear  resistance  of  the  explosive  coatings 
and  of  the  oxidized  titanium  in  the  homogeneous  friction 
pairs. 


rate  up  to  60  m/s. 


SURFACE  HARDENING  OF  Ti-6A1-4V  ALLOY  BY  ELECTROCHEMICAL  HYDROGENATION 


Tair  I  Wu 

Department  of  Materials  Engineering,  Tatung  Institute  of  Technology 
Taipei,  Taiwan  10451,  R.O.C. 

Pee  Yew  Lee  and  Jiann  Kuo  Wu 
Department  of  Marine  Engineering,  Materials  Program 
National  Taiwan  Ocean  University  Keelung,  Taiwan  20224,  R.O.C. 


Abstract 

Surface  hardening  of  Ti-6Al-4V  alloy  can  be  performed  by  electrolytic 
charging  in  an  acid  and  a  basic  solution,  with  or  without  subsequent 
solution  treatment,  and  followed  by  dehydrogenation  to  obtain  equiaxed  9 
grains  in  transformed  ft  matrix.  Surface  hardnesses  of  the  processed 
specimens  show  better  than  that  of  the  mill-annealed  specimen.  The  depth  of 
hardened  layer  depends  on  the  processing  parameters. 

Introduction 

The  absorption  of  hydrogen  cause  serious  damage  in  titanium  alloys,  but 
proper  usage  of  hydrogen  as  a  temporary  alloying  element  can  bring 
surprising  beneficial  for  some  materials.  By  adding  an  adequate  amount  of 
hydrogen  to  some  titanium  alloys,  the  forging  and  superplastic  forming 
temperature  of  which  can  be  lowered  (1,  2),  the  microstructure  of  which  can 
be  modified  (1-6),  which  has  been  adopted  by  aerospace  industry  to  refine 
the  coarse  and  dendritic  microstructure  thus  to  improve  the  mechanical 
properties  of  titanium  casting  parts  (7-9).  This  developed  technique  route 
to  modify  microstructures  of  titanium  net-shape  products  which  are 
impossible  to  achieve  by  using  conventional  thermomechanical  treatment. 
Thermal  charging  is  not  the  only  way  to  hydrogenate  Ti-6A1-4V  alloy.  In  this 
study,  hydrogenation  was  carried  out  to  improve  surface  hardness  by  various 
aqueous  cathodic  polarization.  Comparisons  of  microstructure  and  hardness 
changes  between  various  processing  parameters  are  reported. 

Experimental  Procedures 


Material 

The  material  used  in  this  study  was  received  in  the  mi  11 -annealed 
conditions.  The  chemical  composition  is  analyzed  and  given  in  the  Table  1. 
Round  bar  stock  with  13mm  in  diameter  were  firstly  /(-solution  treated  at 
1000’C  in  a  vacuum  of  2» 10" *  Pa  and  furnace  cooled  to  room  temperature. 
Specimens  were  cut  from  the  treated  bar  to  3mm  in  thickness. 

Thermochemical  Processing 
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Thermochemicai  treatment  and  processing  parameters  are  shown  in  Figure  1  and 
Table  2.  The  processing  parameters  were  grouped  from  SI  to  S12 
respect  ively.S13  to  S16  had  teen  performed  earlier  at  our  laboratory  and  the 
experimental  results  had  teen  published  (10,  11),  which  are  listed  here  for 
the  comparison.  Specimens  were  ground  with  320  grade  abrasive  paper, 
ultrasonic  cleaned,  cathodically  charged  with  ImA/cm2 ,  at  15*C  in  IN  NaOH 
and  IN  H2SO4  for  24  and  48  hours  with  or  without  lg/liter  thio-urea, 
respectively;  then  they  were  removed  from  the  electrolyte,  cleaned  with 
deionized  water,  acetone  and  dried  with  pressurized  air.  The  specimens  were 
subsequently  dehydrogenated  in  a  tubular  furnace  in  an  argon  atmosphere  to 
760'C.  The  furnace  was  them  pumped  to  a  vacuum  of  2>10"4  Pa  and  the 
temperature  was  held  at  760*0  for  1  hour.  Then  the  power  was  turned  off,  the 
vacuum  system  was  kept  running  during  furnace  cooling  to  room  temperature. 
To  compare  the  effects  of  low  temperature  annealing  on  grain  refinement, 
specimens  with  48  hours  charging  (S9-S12)  were  subjected  in  an  air  furnace 
at  200*0  for  3  hours  and  followed  by  forced  air  convection,  then  they  were 
placed  in  a  vacuum  furnace  to  perform  the  same  dehydrogenation  treatment. 

Microscopy 

Specimens  prepared  for  metal lographic  observations  were  ground  down  to  1000 
grade  SiC  paper,  polished  with  l)<m  Al20j  powder  and  them  etched  with  Kroll's 
reagent. 

Microhardness 

The  microhardness  tests  were  conducted  with  a  Matsuzawa  MXT50  digital 
microhardness  tester  under  a  load  of  lOOg. 

Results  and  Discussion 

Typical  microstructures  of  mill-annealed  Ti-6A1-4V  alloy  are  shown  in  Figure 
2.  Figure  3  shows  the  optical  micrographs  of  ^-solution  treated  specimen 
with  grain  size  more  than  2mm.  Figure  4  shows  the  cross  sections  of  the 
microstructure  after  various  cathodic  charging  and  following  different  heat 
treatments.  The  detailed  processes  and  refined  layers  are  summarized  in 
Tables  2  and  3.  Equiaxed  9  grain  layer  is  observed  near  the  surface.  The 
thicker  and  more  uniform  refined  layer  is  found  after  the  cathodic  charging 
in  IN  H2SO4  or  longer  time  in  IN  NaOH  with  promoter,  due  to  the  higher 
hydrogen  permeation  rate.  A  typical  surface  microstructure  of  the  processed 
specimen  is  shown  in  Figure  5  (a).  Some  poor  surface  refined  conditions  were 
performed  in  alkaline  solution,  of  which  a  typical  photomicrograph  is  shown 
in  Figure  5  (b).  Phillip®  et  al .  (12,  13)  reported  the  hydrogen  absorption 
rate  in  titanium  was  extremely  low  in  alkaline  solutions,  and  the  thicker 
hydride  layer  can  be  found  in  acid  solutions.  The  thicker  refined  layer  of 
titanium  alloy  (S4,  S8,  S13-16)  in  acid  solution  with  promoter  can  be 
emphasized  as  the  higher  absorption  rate  of  hydrogen.  The  refined  layer  of 
spied  men  (S1-S8)  show  higher  thickness  than  those  (S9-S12)  with  low 
temperature  annealing  treatment,  and  also  show  higher  hardness  than  those 
(S13-S16)  with  high  tempierature  annealing  treatment.  The  thinner  or  less 
hard  surface  layer  can  be  explained  as  that  hydrogen  diffuses  in  the  alloy 
and  cause  a  less  concentration  of  hydrogen  near  the  surface.  The  depth  of 
the  hardened  surface  layer  depiends  on  the  charging  current  density,  charging 
time,  tempierature,  piH  of  solution,  promoter  and  subsequent  heat  treatment. 

Conclusion 

Surface  hardening  of  Ti-6A1-4V  alloy  can  be  achieved  by  electrochemical 
charging,  subsequent  solution  treatment,  followed  by  dehydrogenation  to 
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obtain  an  equiaxed  a  grain  in  transformed  ^  matrix.  The  hardness  and  depth 
of  the  surface  layer  depends  on  the  processing  parameters. 
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TABLE  I.  CHEMICAL  COMPOSITION  OF  THE  AS-RECEIVED  ALLOY  <wt%) 


Al 

n 

C 

Fe 

0 

N 

H 

Ti 

6.48 

4.27 

0.044 

0.204 

0.16 

0.012 

0.0079 

balance 

^-solution 


dehydrogenation 


mi  11 -annealed 

- »- 


PC 


cathodic  charging 


PC 


(a) 


7-solution 


annealing  dehydrogenation 


(200*0 

mi  11 -annealed 

FC 

cathodic  charging 

AC 

FC 

(b) 
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^-solution  annealing  dehydrogenation 


(c) 


Figure  1.  schematic  diagram  of  designed  thermochemical  treatment  (a)  without 
annealing,  (b)  with  200*C  annealing  and  (c)  with  590*C  annealing 


TABLE  II.  TOEHM0CHH1ICAL  PROCESSING  PARAMETERS  PERFORMED  IN  THIS  STUDY 


Vacuus 

Dehydrogenation 
( *  C/hrs ) 


760/0.5 


760/0.5 


760/0.5 


760/0.5 


760/0.5 


760/0.5 


760/0.5 


760/0.5 


760/0.5 


760/0.5 


760/0.5 


760/0.5 


760/2 


760/2 


760/2 


Spec imen 

^-Solution 

Cathodic  Charging 

Treatment 

( solution/’  C/hrs 

No. 

(* C/hrs) 

mAcm" 5 /promoter ) 

SI 

1000/0.5 

NaOH/15/24/l/X 

S2 

1000/0.5 

Na0H/15/24/l/P 

S3 

1000/0.5 

H2S04/1 5/24/1 /X 

S4 

1000/0.5 

H2S04/15/24/l/P 

S5 

1000/0.5 

NaOH/15/48/l/X 

S6 

1000/0.5 

NaOH/15/48/’/P 

S7 

1000/0.5 

H2S04/15/48/l/X 

S8 

1000/0.5 

H2S04/15/48/l/P 

S9 

1000/0.5 

NaOH/15/48/l/X 

S10 

1000/0.5 

NaOH/15/48/l/P 

Sll 

1000/0.5 

HjS04/15/48/l/X 

S12 

1000/0.5 

H2S04 /15/48/1/P 

S13 

1000/0.5 

H2S04 /15/24/50/P* 

S14 

1000/0.5 

H2S04 /80/24/50/P* 

S15 

1000/0.5 

H2SO4/15/48/50/P* 

S16 

1000/0.5 

H2S04 /80/48/50/P* 
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TABLE  III.  HARDNESS  AND  DEPTH  OF  REFINEMENT  FOR  VARIOUS  PROCESSING 


Treatment 

Hardness  ( HV ) 

Refined  Layer 

Core 

Surface 

mill-annealed 

— 

330 

325 

/^-solution 

— 

305 

305 

SI 

340 

280 

320 

S2 

370 

280 

330 

S3 

380 

280 

320 

S4 

380 

280 

380 

S5 

370 

280 

320 

S6 

370 

280 

350 

S7 

400 

280 

390 

S8 

410 

280 

390 

S9 

370 

280 

330 

S10 

370 

280 

340 

Sll 

390 

280 

370 

S12 

400 

280 

380 

S13 

340 

290 

340 

S14 

340 

320 

340 

S15 

340 

320 

340 

S16 

340 

320 

340 

*  Ref  ined  layer  is  undetectable  due  to  very  thin 


Figure  2.  Microstructure  of  the  mi  1 1 -annealed  alloy  (a)  transverse, 
(b)  longitudinal  section 


Figure  3.  Microst ructure  of  the  4-solution  treated  alloy  (a)  surface, 
(b)  cross  section 


7.014 


2,015 


Figure  4.  Microphotographs  of  cross  section  after  TCP  (a)Sl,  (b)S2,  (c)S3, 
(d)S4 ,  (e)S5,  (f)S6,  (g)S7,  (h)S8,  (i)S9,  (j)S10,  (k)Sll,  (1)S12, 
(m)S13,  (n)S14,  (o)S15,  (p)S)6 


80*m 

I _ I 


Figure  5.  Surface  microphotographs  after  TCP  (a)  typical  refined  equiaxed  a 
phase,  (b)  coarse  acicular  a  phase 


7.014 
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ABSTRACT 

For  high  temperature  applications,  the  common  titanium  alloys  are  coated  in 
order  to  avoid  surface  embrittlement  and  crack  initiation  as  a  consequence 
of  oxygen  penetration  and  dissolution.  Sputter  ion  plating  as  a  versatile 
deposition  technique  was  applied.  Titanium  T16A14V  and  Ti(cp)  were  coated 
with  Al,  Ni,  NiCr,  Cr  and  Cr2N.  Nickel  and  aluminium  form  titanium  inter- 
metallics  rapidly,  while  chromium  and  Cr2N  do  not.  Crack  propagation  during 
3  point  bending  tests  was  observed  on  differently  coated  T16A14V  in  the  SEM. 
The  results  provide  information  on  the  mechanical  behaviour  of  the  thin 
layers.  The  wear  tests  in  a  plate-on-cylinder  tribometer  show  a  large 
decrease  of  wear  if  the  titanium  plates  were  coated  by  a  PVD/galvanic 
deposition. 

Introduction 


With  respect  to  high  temperature  applications  most  of  the  common  titanium 
based  alloys  have  to  be  surface  treated.  The  uncoated  surface  is  sealed  by  a 
natural  or  anodized  oxide  layer,  which  protects  the  titanium  base  material 
sufficiently  at  low  temperatures  <  400°C.  But  at  high  temperatures  >  600°C 
oxygen  diffuses  quite  fast  into  titanium  and  favours  the  enrichment  of  the 
brittle  a-phase  in  the  a  +  8  alloys  1  * .  This  embrittlement  of  the  surface 
initiates  cracks  (see  Fig.  5c)  and  is  detrimental  to  the  base  material, 
especially  for  thin-walled  structural  elements.  Even  at  low  temperatures  the 
wear  of  titanium,  e.g.  fretting,  is  severe.  Fretting  phenomenena  have  been 
reduced  by  surface  coating  2>  4).  Furthermore  the  environmental  attack  from 
erosion  3>  and  hot  salt  corrosion  call  for  appropiate  coatings. 

It  is  difficult  to  surface  coat  titanium  alloys  by  means  of  electrode¬ 
position.  In  this  paper  the  magnetron  sputter  ion  plating  is  applied  to  coat 
thin  layers  on  titanium  T16A14V  and  Ti  (cp). 

Sputter  ion  plating  is  well  suited  to  depositing  thin  adherent  layers  on  any 
kind  of  substrate  material.  The  intensive  ion  bombardement  cleans  the 
titanium  surface  and  intermixes  it  with  coating  material.  The  ion  borabarde- 
ment  during  the  deposition  leads  to  dense  coatings. 
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Preparation  of  coatings 


The  titanium  materials  were  precleaned  In  acid  etch  (HF-HNOj)  and  placed 
Into  the  sputter  chamber  (Leybold  Z700  P2),  followed  by  an  intensive  Ion 
etching  of  the  substrates  at  1400V.  Thin  adherent  layers,  gradient  layers  of 
Ni,  NiCr,  Al,  Cr  and  Cr2N  were  plated  on  titanium.  The  preparation  of  the 
binary  compound  Cr2N  was  insitu-monitored  by  optical  emission  spectrometry 
5>.  Nitrogen  was  introduced  as  a  reactive  gas  during  the  deposition. 


Before  galvanic  thickening  up  to  30  pm  in  sulfamate  nickel,  the  sputtered 
specimens  were  cathodically  degreased  and  pretreated  with  nickel  strike  with 
a  current  density  of  2,5  A/dra2. 


Results 


Coating  analysis 

Veight  gain  measurements,  AES  concentration  profiles  as  well  as  a-case 
etching  and  hardness  measurements  on  the  metallographlc  cross-sections  after 
different  exposure  times  at  high  temperatures  in  air  provide  a  first  check 
of  the  feasibility  and  compatibility  of  the  coating.  The  overall  incorpora¬ 
tion  of  oxygen  refers  to  the  weight  gain.  The  AES-profiles  show  the  inter¬ 
diffusion  of  the  layer  material  and  oxygen  penetration  in  the  substrate.  The 
formation  of  interraetallic  compounds  are  detected  by  AES. 

Ni,  NiCr  and  Al-layers 

A  high  lnterdlffuslon  and  the  formation  of  Ti-interraetallic  of  a  7  pm  NiCr 
layer  after  12  h  at  700°C  in  air  is  shown  in  Fig.l.  Chromlmum  diffuses  to 
the  layer  surface  and  is  sacrifled  by  oxydatlon.  It  is  likely  that  the 
formation  of  the  intermetalllcs  is  the  reason  for  this  chromium  shift  and 
not  its  oxidation  at  the  surface.  Because  after  annealing  in  vacuum  the  same 
shift  is  found  but  without  any  surface  oxidation.  The  rapid  formation  of  the 
intermetalllc  can  be  estimated  from  the  fact  that  two  thirds  of  the  7  pm 
NiCr  layer  have  been  displaced  after  2  h  annealing  time  at  700'C.  No  oxygen 
diffusion  is  detected  by  means  of  AES  in  the  intermetalllc  layer. 

The  same  annealing  of  sputtercoated  aluminium  on  titanium  T16A14V  merely 
shows  the  formation  of  the  TiAl  intermetalllc  compound  and  a  solid  solution 
of  aluminium  in  the  titanium  substrate  material.  The  top  of  the  surface  is 
sealed  by  a  thin  Al202  layer.  No  oxygen  penetration  through  the  inter- 
metallic  could  be  detected  by  means  of  AES.  A  detailed  study  on  phases  and 
diffusion  coefficients  in  titanium  is  given  in  the  literature  6).  Although 
the  oxygen  penetration  and  weight  gain  after  short  time  annealing  was 
measured  to  be  low,  the  formation  of  intermetalllcs  may  embrittle  the 
surface.  Thus  nickel  and  aluminium  coatings  are  suggested  to  be  applied 
beyond  400"C. 

Electrodeposlted  nickel  on  sputtered  Ni-  and  NiCr-layers 
Nickel  and  nickel-chromium  sputtercoatlngs  were  thickened  by  electrode- 
posited  nickel.  Because  of  the  columnar  structure  of  the  sputtered  nickel 
layers  (Fig.  2a),  the  scratch  tests  show  that  they  were  quite  weak  to  bear 
the  thick  (30  pm)  electrodeposlted  layer  (compare  Fig.  2b).  As  pointed  out 
in  Fig.  3,  the  critical  load  for  flacking  off  the  layersystem  is  greatly 
enhanced  if  NiCr  as  an  intermediate  layer  is  sputtered.  The  cross-section  in 
Fig.  2b  shows  a  dense  nickel-chromium  sputter  layer,  nearly  completely 
impermeable  for  the  nickel  electrolytes.  The  few  microscopic  spots  which 
show  the  electrodeposlted  nickel  penetrating  through  the  intermediate  layer 
do  not  show  any  drawbacks  -  neither  for  the  electrodeposition  process  nor 
for  the  properties  of  the  layer  system. 
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Cr-  and  Cr2N-layers 

As  chromium  does  not  font  intemetalllc  compounds  with  titanium  (which  can 
be  concluded  from  Fig.  1),  thin  chromium  and  chromium  nitride  layers  (3  pm) 
were  sputtered. 

Fig.  4  shows  the  AES  concentration  profile  a  3  pm  thin  Cr2N  coating  which  is 
only  oxydized  to  one  third  after  79  h  at  700“C  in  air.  It  seems  from  the 
AES-concentration  profiles  that  the  incorporated  oxygen  shifts  the  nitrogen 
from  chromium  into  titanium.  Unfortunately  the  determination  of  nitrogen  is 
only  ambiguously  determined  by  means  of  AES,  because  titanium  and  nitrogen 
have  similar  excitation  characteristics.  The  diffusion  of  nitrogen  into 
titanium  can  be  detrimental  as  nitrogen  also  raises  the  amount  of  the 
brittle  a-phase.  But  fortunately  an  enhanced  diffusion  of  nitrogen  into 
titanium  cannot  be  concluded  from  the  corresponding  a-case  etching,  which 
shows  an  ultimately  small  a-phase  rim  zone  (see  Fig.  5a). 

The  long  time  exposure  (up  to  630  h  in  air,  700°C  )  of  a  thin  (3  pm) 
sputtered  pure  chromium  layer  on  T16A14V  show  no  oxygen  penetration  in 
titanium  by  means  of  AES.  But  in  this  cate  the  chromium  has  reacted  almost 
completely  to  chromium  oxide.  After  an  annealing  time  of  184  h  at  700°C  in 
air,  the  a-case  rim  zone  beneath  a  3  pm  chromium  nitride  layer  has  a  depth 
of  12  pm,  and  beneath  a  3  pm  chromium  layer  a  50  pm  a-case  zone  is  formed, 
as  shown  in  Fig.  5.  The  weight  gain  of  chromium  and  chromium  nitride  (Cr2N) 
layers  remains  below  0,3  mg/cmJ  over  long  periods  of  time  (up  to  160  h). 

From  this  it  may  be  concluded  that  chromium  and  chromium  nitride  are  well 
suited  as  oxidation  resistant  layers.  The  good  mechanical  and  wear 
properties  of  Cr2N  on  titanium  materials  T16A14V  and  Ti(cp)  have  been 
reported  recently  7 1 . 

In  contrast  to  most  of  the  sputtercoated  nitride  layer,  Cr2N  has  been 
deposited  up  to  30  pm  in  thickness  without  any  flake  off.  This  seems  to  be 
important  if  complexly  shaped  tools  with  less  accessible  surfaces  are 
coated:  the  accessible  parts  have  to  bear  thick  coating  in  order  to  ensure 
that  the  less  accessible  parts  are  coated  entirely.  As  chromium  nitride 
layers  are  less  hard  but  more  ductile  they  are  superior  to  titanium  nitride 
layers  51 . 

Loading  tests 

Crack  initiation  and  propagation  in  the  layer  by  stress  loading  is  an 
essential  criteria  for  the  feasibility  of  the  corresponding  layer/substrate 
combination.  With  respect  to  tfcr  application  the  coated  specimens  are  tested 
in  the  SEH  by  using  a  3  point  bending  equipment.  During  the  loading,  the 
surface  of  the  specimen  is  Investigated  in  the  SEM,  at  the  same  time  the 
stress  strain  diagram  is  recorded.  The  load  (stress)  and  the  strain  at  which 
the  first  cracks  are  detected  is  registered. 

Fig.  6-9  show  the  stress-strain  diagrams  and  the  different  crack  progress 
behaviours  of  the  four  different  thin  films.  The  o  -  c  diagrams  are  the 
diagrams  of  the  substrate  T16A14V  and  not  of  the  thin  films.  The  different 
strains  at  which  the  first  cracks  appear  and  the  SEH  pictures  of  the  crack 
progress  give  information  of  the  mechanical  behaviour  of  the  thin  film. 

A  comparison  of  an  unannealed  and  an  annealed  Cr/Cr2N  coating  shows  that  the 
latter  fails  at  a  smaller  strain.  The  ultimate  stress  of  the  coating  on  the 
T16A14V  substrate  for  the  annealed  layer  is  200  MPa  and  for  the  unannealed 
one  410  HPa.  The  crack  propagation  of  the  annealed  film  is  in  comparison  to 
the  unannealed  one  rectilinear  and  brittle.  It  has  been  pointed  out  recently 
7>  that  the  adhesion,  crystallinity  and  wear  properties  of  the  annealed  and 
unannealed  Cr2N-layers  differ  widely. 


By  a  conparlson  of  the  NiCr-  with  the  Cr/NlCr-flln  the  first  one  cracks  at  a 
substrate  stress  of  170  MPa  and  the  last  one  at  340  HPa.  If  the  above 
mentioned  films  are  electrodeposited  with  a  10  mi  thick  Ni-layer  and  loaded, 
up  to  a  load  of  1200  MPa  no  cracks  are  seen.  A  micrograph  of  the  cross- 
section  after  loading  shows  that  the  NiCr  film  is  detached  from  the 
substrate  while  the  Cr/NiCr  film  is  undamaged. 

The  X-ray  diffraction  and  texture  investigations  show  that  the  temperature 
treatment  of  the  Cr/Cr2N  film  reduce  cristallinity  and  texture.  The  NiCr 
film  has  a  well  defined  (lll)-texture,  which  means  a  great  anisotropy  in 
depth  of  the  film.  The  galvanic  Ni-layers  have  a  very  small  texture. 


Mechanical  properties  and  wear  behaviour 

The  hardness  and  the  adhesion  (scratch  test)  of  the  layer  systems 
Ni(sputter/Ni( galvanic)  and  Ni10Cr20/Ni( galvanic)  have  been  tested  (Fig.  3). 
The  measured  hardness  corresponds  to  the  hardness  of  electrodeposited 
nickel.  Due  to  the  columnar  structure  of  the  sputtered  nickel  layers  this 
intermediate  coating  is  too  weak  to  bear  the  electrodeposited  nickel.  As  an 
additional  chromium  intermediate  sputtered  layer  reduces  delaminations  (see 
last  chapter),  this  was  also  considered  in  the  wear  tests.  They  were 
performed  in  a  plate-on-cylinder  tribometer  with  the  following  conditions: 
Load:  F  -  100  N 

Velocity:  v  «  0,04  m/sec 

Cylinder  material:  x  155  CrMoV12  1 

Room  temperature:  T  -  20  +2*C 

Humidity:  50  ±3  X 

The  wear  volumlna  of  the  coated  plates  were  determined.  They  were  decreased 
by  a  factor  5  or  10  compared  with  the  uncoated  titanium  materials  Ti(cp)  or 
T16A14V  as  shown  in  Fig.  10.  A  significant  difference  in  the  tribological 
behaviour  orglnating  from  the  different  sputtered  Intermediate  layers  NiCr 
and  Cr/NiCr  could  not  be  found.  The  profiles  of  the  traces  were  analysed  and 
indicate  no  adhesive  wear  with  slight  material  transfer  to  the  cylinder. 

This  was  in  contrast  to  the  uncoated  titanium  plates. 
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Fig-  1=  AES-concentration  profile  of  a  Ni(80vtZ)  Cr(20vtX) 
sputter  layer  on  titanium  Ti6Al4V  after  annealing 
12  h,  700°C  in  air 


posited  with  nickel  on 

Fig-  2a:  Columnar  structure  of  titanium  Ti6Al4V 

sputtered  pure  nickel 
on  titanium  Ti6Al4V 
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Fig.  3:  Layer  systems  by  PVD/galvanic 
on  T16A14V  and  Ti(cp) 

-  hardness  of  the  nickel 
layers  (electrodeposited) 

-  critical  load  of  the  scratch 
test  (loss  of  adhesion) 
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Fig.  4:  AES-concentration  profile  of  a 
0,2  um  Cr/3  ism  Cr2N-layer 
on  titanium  after  79  h,  700°C 
in  air 


Fig.  5:  a-case  etch  on  Ti6Al4V: 

(a)  -»  Cr  (0,2  ura)/CrN  (3  um) 
after  oxidation  at  700°C  for 
168  h  in  air  (a-zone,  12-14 
um); 

(b)  2,5  um  chromium  after 
oxidation  at  700°C  for  168  h 
in  air  (a-zone,  40  um); 

(c)  uncoated,  after  oxidation 
at  700°C  for  184  h  in  air 
(a-zone,  170  um) 
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Fig.  6:  Stress-strain 
diagram  of  the  sub¬ 
strate  Ti6Al4V  with 
indication  of  the 
strain  where  the  first 
cracks  in  the  layers 
are  registered; 
layer:  2  pm  Cr/14  pm 
Cr2N,  SEM  picture  at 
706  MPa 
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Fig.  7:  Stress-strain 
diagram  of  the  sub¬ 
strate  Ti6Al4V  with 
indication  of  the 
strain  where  the  first 
cracks  in  the  layers 
are  registered; 
layer:  2  pm  Cr/14  pm 
Cr2N  (annealed), 

SEM  picture  at  750  MPa 
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Fig.  8:  Stress-strain 
diagram  of  the  sub¬ 
strate  Ti6Al4V  with 
indication  of  the 
strain  where  the  first 
cracks  in  the  layers 
are  registered; 
layer:  10  pm  NiCr,  SEM 
picture  at  850  MPa 
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Fin.  9:  Stress-strain  diagram  of  the  substrate  T16A14V  with 
indication  of  the  strain  where  the  first  cracks  in 
the  layers  are  registered; 

layer:  2  urn  Cr/6  urn  NiCr,  SEH  picture  at  750  HPa 
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Fig.  10:  Wear  (volume  r*»»)  of  different  coated  and  uncoated 
T16A14V  and  Ti(cp)  plates  (plate-on-cylinder 
tribometer) 
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1.  INTRODUCTION 

Ceramic  coated  tools  are  characterised  by  long  endurances  and,  for  appropriate  design  of  the 
coatings  and  choice  of  a  suitable  topography  for  effective  lubrication,  also  by  particularly  good 
emergency  running  properties  and  resistance  to  cold  welding.  The  advantage  of  coated  tools  lies 
in  the  separation  of  the  tribological  functions.  A  more  specific  design  of  the  tools  can  be  made 
than  has  so  far  been  possible:  the  ceramic-like  layer  has  the  function  of  protecting  the  tool  from 
wear,  cold  welding  and  corrosion.  The  function  of  the  base  material  is  only  to  provide  support. 
This  relaxes  the  conflict  between  the  requirements  for  supportstrenght  and  wear  resistance. 

A  running  in  phase  in  the  normal  sense  is  avoided  so  that  the  tribological  conditions  remain 
practically  constant  from  the  very  beginning. 

Associated  ecological  aspects  of  the  use  of  ceramic  coated  tools  are  provided  by  improvements  in 
terms  of  the  increase  of  the  endurances  and  the  possibility  of  recoating  valuable  tools  |2|,  the 
achievable  shaped  pan  qualities  and  accuracies,  the  reduction  in  the  amount  of  lubricant  required 
and  the  use  of  rapidly  biodegradable  lubricants  1 3],  A  major  consequent  reduction  in  costs  and 
increase  in  productivity  attest  the  resulting  economic  benefit. 

2  EXPERIMENTAL 

2.1  Test  Materials  and  Test  Performance 

The  tests  were  performed  on  sheet  strip'  of  CrNi  steel  X  5  CrNi  18  9.  The  following  results 
were  obtained  in  investigations  of  the  frictional  behaviour  of  3C  surfaces,  whereby  various 
drawing  edges  were  used.  The  tests  concern  ceramic  coated  tools  with  titanium  carbide  (TiC)  or 
titanium  nitride  (TiN)  as  coating  material.  The  coatings  were  applied  as  multilayer  laminates 
using  the  LP-C'/D  technique  (Low  Pressure-Chemical  Vapour  Deposition).  The  properties  of 
these  edges  were  compared  with  those  of  aluminum  bronze  (Jnoxida).  with  uncoated  edges  of 
the  tool  steel  X  155  CrVMo  12  1  and  ADLC  coated  edges  (Amorphous  Diamond-Like  Carbon) 
in  strip-drawing  test  with  single  deflection  of  90  degrees  |4). 

An  undiluted  rape  oil  (100%  modified),  various  mineral  oils  and  different  drawing  emulsions 
were  used  as  intermediate  materials,  which  differed  in  viscosity  and  composition. 

2.2  Evaluation  of  the  Topographies 

The  topographies  of  the  tools  and  of  the  workpieces  are  investigated  in  the  scanning  electron 
microscope  (SEM)  and  atomic  force  microscope  (AFM)  and  with  a  laser-optics  surface- 
measuring  device. 
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Since  all  roughness  parameters  according  to  DIN  only  apply  for  mechanically  measured 
surfaces,  comparative  measurements  were  made  with  a  mechanical  surface  measurement  device 
for  the  examples  of  TiN  and  TiC  coated  tools.  For  laser-optical  measurements  of  surface 
roughness,  depending  on  the  surface  condition  and  as  a  result  of  the  considerably  greater  lateral 
resolution,  values  are  measured  which  are  a  factor  of  4  respectively  2.5  times  greater  than  those 
measured  using  mechanical  scanning  |3|. 

2.3  Chemical  Analysis  of  the  Tool  Surfaces 

In  tribological  processes  the  condition  of  the  outer  atomic  layer  is  of  major  importance  in  that  the 
wetting  behaviour  of  the  lubricant  and  the  adhesion  behaviour  of  the  form  material  to  the  tool 
surface  are  determined  by  the  chemical  behaviour  of  this  outer  atomic  layer. 

The  chemical  composition  as  a  function  of  the  distance  from  the  interface  tool-workpiece.  and 
particularly  of  the  condition  and  thickness  of  the  tool  surface  oxide  layer,  is  determined  using 
AES  (Auger  Electron  Spectrometry)  and  ESCA  (Electron  Spectrometry  for  Chemical  Analysis) 
The  measuring  depth  of  AES  lies  between  0,5  and  2  nanometers  (2  to  6  atomic  layers).  When 
measuring  a  depth  profile  several  atomic  layers  are  removed  between  successive  measurements 
by  means  of  argon  ion  bombardment  (ion  etching).  The  identification  of  the  chemical  condition 
ot  the  measured  elements  is  made  by  comparison  with  Auger  signal  forms  obtained  from 
reference  measurements  |5|. 

3.  RESULTS 

I  he  surface  roughening  of  the  workpiece,  caused  by  the  forming  process,  may  have  the 
following  effects  depending  on  the  tool  material  employed  1 1 1: 

Tool  material  harder  than  the  workpiece  material: 

Grains  exposed  from  the  workpiece  surface  tend  to  exhibit  cold  welding  on  the 
tool  as  a  result  of  the  intensive  contact  and  hence  can  be  torn  from  the  workpiece 
surface.  Fig.  1. 

Tool  material  softer  than  the  workpiece  material: 

Grams  exposed  from  the  workpiece  surface  can  penetrate  into  the  tool.  The 
consequence  is  a  scratching  of  the  tool  surface  with  abrasive  transfer  of  tool 
material  onto  the  deep-drawing  part.  The  tool  geometry  is  lost. 

The  hardnesses  of  tool  and  workpiece  material  are  insignificant: 

In  the  last  case  the  grains  exposed  from  the  tool  surface  are  removed  from  the 
effective  gap  without  having  the  opportunity  to  affect  the  lubrication  system.  This 
applies,  for  example,  to  hydrodynamic  friction. 


Fig.  I:  3D-Shect  surface  (X  5  CrNi  18  9)  after  sliding  on  a  TiN-coated  tool:  Torn  out 
grains  leave  holes  behind. 


Case  A: 

Case  R: 

Case  C: 
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3.1  Effect  of  the  T(h>I  on  the  l  ubrication  System 

3.1.1  Effect  of  Surface  Topography 

Investigation  of  uncoated  tools 

Cold  welding  presents  a  senous  problem,  particularly  in  the  forming  of  CrNi  steels.  So  tar  the 
successful  solution  lay  in  the  use  of  high-strength  bronze  alloys  as  tool  materials  However  the 
endurances  of  such  tools  are  relatively  shoo  as  a  result  of  the  abrasive  wear  of  the  deformation- 
induced  martensite  |1|.  Fig.  2  shows  a  aluminum-bronze  tool  after  use  Mechanism  B  can  be 
deduced  from  the  width  of  the  scratches  (up  to  10  pm)  Support  for  this  hypothesis  is  provided 
by  the  analysis  of  the  grain  size  distribution  of  the  form  material  employed.  A  mean  grain 
diameter  of  about  15  pm  is  obtained. 


Fig.  2:  Scratched  surface  of  aluminum-bronze  tool. 

When  using  the  tool  steel  X  155  CrVMo  12  I  major  cold  weld  points  |3).  of  adhesive  type,  are 
formed  within  extremely  short  times. 


Investigations  of  coated  tools 


Fig.  3:  TiN  coanng  contaminated  with  aluminum  (Al  cold  welds). 
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As  a  result  of  the  extreme  hardness  of  the  protecting  layer  there  is  no  abrasion  of  the  tool,  so  that 
the  conditions  according  to  case  A  are  satisfied.  Nevertheless  there  is  generally  no  danger  of  cold 
welding,  since  the  tendency  to  adhesion  between  the  metallic  form  material  and  the  ceramic-type 
protecting  layer  is  very  slight.  However  this  statement  should  be  limited  in  that  an  important  role 
is  played  by  the  topography  of  the  surface  layer  and  its  definition  in  terms  of  the  specific 
function.  Account  must  also  be  taken  of  the  separating  medium,  normally  the  deep  drawing  oil, 
of  the  process  temperature  and  of  the  surrounding  atmosphere. 

As  shown  in  Fig.  3,  massiv  contamination  of  the  layer  is  observed  for  undefined 
topographies  with  uncontrolled  running  in  behaviour  and  for  inappropriate  layer-substrate 
combinations  or  conditions.  This  applies  particularly  at  high  loading  levels  and  where  lubrication 
is  inadequate.  In  Fig. 4  this  corresponds  to  inadmissible  behaviour  during  manufacturing,  such 
as  shown  by  curve  1  for  aluminum  and  curve  2  for  austenitic  steel  as  form  material.  For  this 
reason  high-perfomance  ceramics  must  allways  be  used  with  surfaces  having  appropriate 
frictional  properties. 


Fig.  4:  Schematic  representation  of  the  coefficient  of  friction  for  coated  tools  with 
different  topographies,  as  a  function  of  the  number  of  strokes  and  other  factors. 

The  risk  of  cold  welding  is  reduced  by  mecanical  reworking  of  the  coating  surface,  provided  that 
a  surface  topography  can  be  generated  with  suitable  frictional  properties  |3|,  as  shown  in  Fig.  4. 
curve  3  and  Fig.  5.  However  small  depressions  typically  caused  by  growth  or  substrate 
irregularities  (average  depth  of  0,5  to  1,5  pm,  measured  in  the  AFM)  can  provide  initiation 
points  for  cold  welding  under  extreme  conditions,  such  as  inadequate  lubrication,  dry  running, 
or  the  deformation  of  CrNi  steels  or  Aluminum,  as  shown  in  Fig.  6.  On  the  other  hand,  under 
normal  to  extreme  conditions  of  mixed  lubrication,  these  depressions  act  as  lubricant  pockets  and 
show  extremely  favourable  propert'es  from  the  point  of  view  of  lubrication  (micro  squeeze 
currents  |6|).  Under  extreme  loading  conditions  the  depressions  lead  to  the  following  processes: 

The  teanng  out  of  individual  grains  from  the  form  material.  Fig.  1. 

embedding  of  these  grains  in  the  depressions  of  the  coating  material  with  anchoring  in 

the  notched  base  of  the  depressions.  Fig.  6. 

deposition  (cold  welding)  of  further  form  material  on  the  embedded  grain,  Fig.  7 

Tests  have  shown  that  the  coefficient  of  friction  is  somewhat  reduced  during  the  phase  in  which 
small  workpiece  particles  are  cold  welded  onto  the  coating  surface  With  the  growth  of 
contamination  islands,  primarily  in  the  direction  of  drawing,  the  coefficient  of  friction  increases 
again  1 3]. 
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t  ig.  5;  Coefficient  of  fnction  p  as  a  function  of  R,  (detenruned  with  laser  optics)  and  the 
edge  material 


Kir.  6:  TiN-coatcd  tool  surface  partially  contaminated  with  CrNi  steel  (microscopic  cold 
welding)  with  insufficient  lubrication  up  to  dry  running.  The  contamination  apcars 
to  grow  particularly  from  the  lubrication  pockets  in  the  micro  to  nanometer  range 

Krom  a  certain  critical  size  of  the  contamination  islands,  the  following  mechanisms  are  effective, 
depending  on  the  specific  form  material: 

Very  pronounced  contamination  of  the  drawing  dies  for  the  forming  of  soft  and  sticky 
materials,  such  as  aluminum  alloys: 

The  contamination  increases  steadily  as  a  result  of  workpiece  abrasion  In  this  process 
the  coating  is  not  destroyed  since  the  workhardening  of  the  form  material  is  not  as 
strong  as  for  CrNi  steels.  Clearly  visible  scratches  are  formed  on  the  workpiece  |2|. 
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Mg.  7:  Workpiece  particles  (X  5  C'rNi  18  d)  which  are  growing  together  to  islands  in  the 
draw  ing  direction  on  a  TiN -coating  during  dry  sliding 

The  low  elastic  modulus  and  the  large  number  of  slip  systems  in  aluminum  (FCC  lattice)  permit 
internal  locking  in  the  irregular  depressions.  Macroscopic  cold  welds  then  gradually  appear  as  a 
result  of  the  high  reactivity  of  aluminum 

Breaking  out  of  individual  islands  while  generating  high  local  shear  stress  levels,  with 
the  possibility  of  microcrack  formation  in  the  ceramic  coating. 

Progressive  microscopic  roughening  in  the  course  of  the  manufacturing  cycles;  first 
locally  but  then  extending  to  include  the  entire  effective  surface  in  the  form  of  wear 
tracks. 

For  austenitic  materials  the  internal  locking  is  only  observed  at  higher  loading  levels,  which,  as 
mentioned  above,  can  lead  to  failure  of  the  coating.  Fig.  8. 


Fig.  8:  TiN-coated  edges  after  dry  running  on  CrNi  steel  sheet.  The  left-hand  one  is  con 
taminated  with  workpiece  material  For  the  right  hand  edge  the  contamination  was 
etched  off  with  aqua  regia,  whereby  the  coating  was  also  partially  etched  away. 
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When  the  TiC  or  TiN  coatings  suffer  spalling,  and  hence  no  longer  provide  continous 
protection,  failure  of  the  tool  progresses  more  or  less  rapidly.  This  occurs  preferentially  in  the 
form  of  wear  tracks,  whereby  mechanisms  of  self-destruction  by  detached  coating  particles  are 
also  effective. 

The  ADLC -coated  tools  were  characterised  by  low  values  of  the  coefficient  of  friction  (|i  < 
0,015)  and  surfaces  practically  free  of  contamination,  even  under  extreme  conditions.  However 
wear  tracks  were  formed  as  a  result  of  tribo-oxidation  wear.  For  these  types  of  coated  tools 
inadequate  or  dry  lubrication  leads  to  early  failure  of  the  tool.  In  this  respect  a  higher  level  of 
safety  is  provided  with  TiC  and  TiN-coated  tools. 

Particularly  favourable  behaviour  is  observed  especially  when  the  islands  of 
contamination  can  be  more  easily  pushed  off.  At  the  same  time  the  lower  shear  stresses 
reduce  the  danger  of  cold  welding  and  microcrack  formation: 

These  favourable  frictional  conditions  can  be  achieved  for  functional  topographies  when  the 
boundary  layer  region  of  the  coating  system  permits  reproducible  substructures  on  the  nanometer 
scale  [7).  In  this  case  the  coefficient  of  friction  is  hardly  dependent  on  the  number  of  forming 
stages,  as  shown  in  the  strip  drawing  tests.  In  addition  such  composite-layer  tools  are 
characterised  by  excellent  emergency  operation  properties. 

3.1.2  Oxidation  of  the  Surface 

For  short  periods  of  time  the  surfaces  reach  high  temperatures,  resulting  in  a  thin  Ti02  layer 
which  covers  the  entire  surface.  Fig.  9.  The  Ti02,  which  has  a  positive  effect  on  the  friction  |8], 
curve  4  in  Fig.  4,  is  already  present  on  the  surface  of  TiN  and  TiC  after  mechanical  reworking. 
However  at  this  stage  the  boundary  layer  is  not  uniformly  continous.  The  polarity  of  Ti02  and  a 
possible  hydration  of  the  outermost  layer  in  normal  environments  result  in  an  improvement  of 
the  wetting  of  the  surface  with  polar  lubricants  (natural  esters).  This  arises  from  the  possibility 
of  the  formation  of  hydrogen  bonds.  The  consequence  is  a  low  coefficient  of  friction  and  a 
reduction  in  the  tendency  of  cold  welding,  Fig.  10. 


sputter  time  [min.] 


Fig.  9:  Depth  profile  of  a  TiN  coating  oxidised  for  5  minutes  at  500  C. 

In  addition  steep  gradients  and  sharp  edges  in  the  topography,  which  serve,  under  frictional 
conditions  as  initiation  points  for  cold  welding,  are  also  "smoothed”  by  the  oxidation  [7].  This 
was  shown  by  AFM  analysis.  This  is  observed  particularly  for  TiN,  which  exhibits  preferently 
columnar  growth.  For  TiC  this  is  not  of  the  same  importance  since  TiC  already  has  fewer  steep 
gradients  and  sharp  edges  in  the  original  condition,  as  a  result  of  its  nub  growth  and  smaller 
grains.  Nevertheless  oxidation  also  leads  here  to  a  reduction  in  the  tendency  to  cold  welding. 

Due  to  the  weak  bonding  and  low  hardness  (<  1800  HV)  of  this  starting  layer  it  is  partly 
sheared  off  from  the  tool  by  the  tribological  loading.  However  it  has  been  observed  that  a  layer 
of  TiC>2,  only  a  few  nanometers  thick  remains,  and  is  sufficient  to  maintain  the  advantages 
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achieved.  At  points  where  the  tribological  loading  leads  to  exposere  of  the  highly  reactive 
underlying  coating  material,  there  is  generally  a  regeneration  of  the  Ti02  film  with  oxygen. 
Hence  the  advantages  in  terms  of  reduced  coefficient  of  friction  and  tendency  to  contamination 
ate  maintained. 


Fig.  10:  Coefficient  of  friction  )t  as  a  function  of  Rz  (determined  by  laser  optics)  for  TiN- 
coated  edges  and  those  with  continuous  oxide  layers  (TiN*). 

4  CONCLUSIONS 

The  lubrication  system  can  be  influenced  not  only  in  terms  of  tool  surface,  lubricant  and 
workpiece,  but  also  be  optimised  specifically  for  the  required  values. 

Thin  ceramic-type  coatings  are  of  particular  importance  provided  that ,  from  the  point  of 
view  of  tribological  parameters,  topography,  layer  design  and  composition  of  the  ceramic 
coatings  can  be  varied  practically  independently  of  one  another. 

A  Ti02  layer  produced  from  the  start  by  oxidation  of  the  TiC-TiN  reduces  the  coefficient 
of  friction  and  the  tendency  to  microscopic  cold  welding.  This  results  in  suppresion  of 
macroscopic  cold  welding  or  delays  it  so  that  the  occurrence  of  layer  spalling  is  also  moved  to 
later  times. 
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Abstract 


The  oxidation  behaviour  of  commercially  pure  titanium  has  been  compared  with  that  of  a 
:nnventional  high  temperature  titanium  alloy  and  an  a,  titanium  aluminide.  Isothermal 
oxidation  tests  have  been  performed  on  IMI125, IMI834  and  “Super  a”  over  the  temperature 
range  600  to  900°C.  The  development,  compositions  and  morphologies  of  the  various  scales 
produced  have  been  examined  using  X-ray  diffraction,  Auger  electron  spectroscopy  and 
analytical  electron  microscopy  to  establish  the  nature  of  the  oxides  formed  and  the  chemical 
partitioning  which  occurs  in  both  the  substrate  and  the  scale.  Microhardness  measurements 
have  been  used  todetermine  the  depth  of  penetration  of  oxygen  into  the  ailoys  during  oxidation. 
Preliminary  results  from  oxidation  trials  on  Ti-48AI-2Nb-2Mn  are  also  presented.  The 
observations  show  that  the  oxidation  rate  is  a  complex  function  of  oxidation  temperature  and 
alloy  composition.  It  appears  that  oxidation  is  controlled  by  the  kinetics  of  competing 
mechanisms  rather  than  by  minimum  energy  considerations. 
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Introduction 


The  use  of  conventional  titanium  alloys  is  limited  to  temperature  regimes  below  about  600°C 
because  of  their  oxidation  behaviour  which  proceeds  via  the  inward  diffusion  of  oxygen  to 
produce  thick  oxide  scales,  and  results  in  a  pronounced  degradation  in  mechanical  properties 
associated  with  the  dissolution  of  oxygen  in  the  titanium  matrix.  Oxygen  is  soluble  in  a- 
titaniurn  up  to  34  atomic%  and  is  a-stabilising  which  leads  to  severe  embrittlement  in  the 
oxygen-enriched  surface  layer  of  the  material. 

Whilst  it  is  known  that  various  alloying  additions  to  pure  titanium  have  a  beneficial  effect  on 
its  overall  rate  oxidation  it  would  seem  that  the  basic  mechanism  remains  the  same  with  both 
oxide  scales  and  a-case  being  formed  simultaneously.  It  is  obvious  that  in  order  to  effect  a 
further  increase  in  the  high  temperature  capabilities  of  titanium  alloys,  either  through 
compositional  control  or  by  some  method  of  coating,  it  will  be  essential  to  gain  a  better 
understanding  of  the  role  of  the  individual  alloying  elements  on  the  oxidation  behaviour  of  these 
materials. 

Titanium  aluminide  materials  have  potential  for  high  temperature  applications  and  are  superior 
to  titanium  alloys  in  terms  of  oxidation  resistance  [  1 )  The  use  of  aluminides  may  however  also 
be  limited  by  their  poor  resistance  to  oxidation  above  about  600°C  (a, -alloys)  and  900°C  (y- 
alloys)  |2|.  The  basic  principles  of  loss  of  structural  material  by  oxide  scale  formation  and 
surface  embrittlement  apply  equally  to  the  oxidation  of  the  titanium  aluminides.  Scales 
produced  are  heterogeneous  mixtures  of  TiO(  and  Al  O,,  and  again  additional  elements  such  as 
Nb  have  a  beneficial  effect  on  the  rate  of  oxidation  |3], 

Theaimof  the  present  study  is  tocomparc  high  temperature  oxidation  studiesoflMI834,  “Super 
aj”andTi-48Al-2Nb-2Mn  with  that  of  commercially  pure  titanium  and  more  clearly  define  the 
behaviour  of  their  key  alloying  additions. 

Experimental  Details 

Specimens  of  IMI 1 25,  IMI834  and  Super  a,  were  prepared  in  the  form  of  10mm  diameter  discs 
of  1  mm  thickness.  These  were  mechanically  polished  to  800  grit  SiC  paper  and  degreased  prior 
to  oxidation.  The  specimens  were  then  isothermally  exposed  in  air  at  temperatures  from  600  to 
900°C  for  lOOh,  usinga  Stanton  Redcroft  Thermobalance.  Morphological  studies  of  the  oxides 
were  carried  out  using  a  Cambridge  scanning  electron  microscope  (SEM),  Auger  analysis 
(AES),  X-ray  photoelectron  spectroscopy  (XPS),  and  X-ray  diffraction  (XRD)  studies  were 
also  done  on  these  specimens  and  on  samples  of  spalled  oxides.  Table  I  shows  alloy 
compositions.  Cross-sections  of  oxidised  specimens  were  prepared  for  microhardness  traverses 
and  oxide  thickness  measurement  by  SEM  examination.  Transmission  electron  microscopy 
(TEM)  was  carried  out  on  cross-sectional  specimens  of  oxidised  material  produced  by  glueing 
together  two  disc  specimens  of  1.5mm  thickness  using  an  epoxy  resin.  These  were  then 
sectioned  to  produce  a  rectangular  specimen  of  3mm  x  3mm  x  1 0mm,  which  was  carefully  filed 
down  until  small  enough  to  be  encapsulated  in  a  thin  walled  brass  tube  of  3mmoutsidediameter. 
Sections  of  0.3mm  thickness  were  cut  from  the  specimen  and  were  mechanically  polished  to 
100-  150pm  before  being  dimpled  to  less  than  50pm  using  an  SBT  Precision  Dimpling 
Instrument.  The  thin  discs  were  finally  ion  milled  for  TEM  examination  which  was  carried  out 
on  either  a  JEOL  4000FX  or  a  Philips  CM20. 


TABLE  I  Composition  of  the  alloys 


Material 

Composition  (  wt  %  ) 

IMI  1 25 

Ti  -  0.13  0; 

IMI834 

Ti  -5.8A1  -  4Sn  -  3.5Zr  -  0.7Nb  -  0.5Mo  -  0  35Si. 

Super  a: 

Ti-  14AI-20Nb-3.2V-2Mo. 

48-2-2 

Ti  -  48A1  -  2Nb  -  2Mn. 
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Results 


Figure  1  shows  weight  gain  data  for  commercial  purity  Ti  (IMI 1 25),  IMI834,  Super  cqand  Ti- 
48  Al-2Nb-2Mn,  which  include  corrections  due  to  buoyancy  effects.  Double  logarithmic  plots 
of  this  data  allow  evaluation  of  n,  the  exponent  for  oxidation  according  to  the  equation: 

AW"  =  Kt  +  C  (  1  ) 

where  AW  is  weight  gain  (mgcm  ’),  K  is  the  constant  of  oxidation,  t  is  time  and  C  an  integration 
constant. 

IMI  125  shows  parabolic  kinetics  at  low  temperatures  after  extended  times,  and  at  high 
temperatures,  but  linear  kinetics  at  intermediate  conditions.  Discontinuous  curves  are  indica¬ 
tive  of  para-linear  behaviour  which  is  usually  associated  with  the  repeated  cracking  and  spalling 
of  scale  followed  by  rapid  oxidation.  IMI  834  exhibits  a  low  linear  rate  of  oxidation  after 
exposure  at  700°C,  but  rates  tend  towards  parabolic  at  8(X)-900°C.  Super  oqis  found  to  have  a 
low  linear  rate  of  oxidation  at  600°C,  at  700°C  a  linear  rale  prevails  up  to  20h  after  which 
kinetics  tend  towards  parabolic.  Parabolic  behaviour  is  found  at  800-9(X)°C.  Ti-48Al-2Nb- 
2Mn  has  a  low  linear  rate  of  oxidation  at  8(X)°C,  and  cubic  oxidation  rates  at  900°C. 
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Figure  1.  Isothermal  Oxidation  Curves  of  Weight  Gain  (AW)  versus  Time  (t)  for  I  Ml  125, 
IMI834,  Super  cqand  48-2-2 

In  general  the  results  obtained  between  6(X)°C  and  9(X)°C  show  the  beneficial  effect  of  alloying 
on  the  oxidation  resistance  of  titanium  although  overall  weight  gains  are  higher  for  Super  a, 
than  for  1MI834.  For  both  alloys  the  temperature  range  over  which  parabolic  kinetics  are 
observed  is  extended  towards  higher  temperatures  when  compared  with  unalloyed  titanium. 
The  initial  oxidation  rate  (less  than  lOh),  for  IMI834  at  700°C  however  is  actually  faster  than 
that  of  IMI  125.  The  observed  reversion  of  IMI  125  to  parabolic  kinetics  at  900°C  is  attributed 
to  the  densification  of  the  scale  adjacent  to  the  substrate,  thus  the  diffusion  of  oxygen  through 
the  scale  rather  than  along  micro-cracks  and  porosity,  becomes  rate  controlling. 

SEM  and  Auger  Spectroscopy  of  oxide  scales 

SEM  observation  of  oxidised  pure  titanium,  figures  2  and  3,  show  that  the  porous  scale,  formed 
at  700°C,  develops  into  a  uniformly  stratified  scale  after  oxidation  at  800°C.  The  stratification 
begins  to  disappear  at  900°C  by  sintering  and  densification  of  the  scale  adjacent  to  the  metal 
substrate.  The  surface  oxide  grains  are  quite  angular  and  faceted  after  oxidation  at  900°C. 
Scales  at  all  temperatures  have  very  poor  adherence. 
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Figure  2.  SEM  micrograph  of  oxide  on  Figure  3.  SEM  micrograph  of  oxide  on 

IMI125  after  l(X)h  at  K(K)CC.  IMI125  after  l(X)h  at  9(X)0C. 


l  ine  needle-like  oxide  crystals  are  formed  on  the  surface  of  IMI834  after  oxidation  at  6(X)CC. 
which  develop  into  faceted  columnar  grains  at  higher  oxidation  temperatures.  At  900°C  the 
oxide  scale,  figure  4,  comprises  a  coarse  grained  surface  layer  of  approximately  7pm,  a  compact 
but  stratified  oxide  of  about  55pm  and  a  thin  porous  layer  at  the  metalroxide  interface.  The  oxide 
remains  reasonably  adherent  up  toX(H)  C,  above  this  the  deep  yellow  outer  oxide  readily  spalls 
to  reveal  a  dark  blue/grey  adherent  oxide  X-ray  diffraction  (XRD)  of  the  scale  formed  at  6(X)°C 
found  only  “TiO,".  Scale  formed  at  900 'C  w  as  found  to  be  a  mixed  oxide  of  “TiO,"and  "A  I.O,”. 
It  should  be  noted  that  these  oxides  are  likley  to  lx*  doped  w  ith  alloying  elements,  however  their 
concentration  is  below  the  limit  of  detectability  in  the  techniques  used  here. 

Auger  Electron  Spectroscopy  (AES)  and  X-ray  Photoelectron  Spectroscopy  (XPS)of  IMI834 
have  been  used  to  analyse  the  oxide  scale  and  the  metalroxide  interface.  Both  A  1.0,  and  SiO. 
were  detected  in  a  predominantly  TiO.  oxide  scale.  It  would  appear  that  there  is  a  very  thin  layer 
of  Al.O,  on  the  surface  of  the  scale,  of  the  order  15()A.  An  AES  depth  profile,  figure  6.  show  ed 
that  a  possible  layer  of  SiO  is  removed  after  etching  for  approximately  4  minutes,  which 
suggests  that  the  thickness  of  the  layer  is  about  0. 15pm  |4|  Al.O,  and  SiO,  are  found  in  small 
concentrations  throughout,  and  analysis  of  the  fractured  scale  suggests  that  there  is  some 
concentration  ot  A1  O,  along  the  cracks  and  that  SiO.  is  found  in  greatest  concentration  at  the 
metaEoxide  interface. 


I  Opm 


E.gure4  SEM  micrograph  of  oxide  on 
I M 1834  after  100h  at  900  C 


Figure  5  SEM  micrograph  of  oxide  on 
Super  ex.  after  lOOh  at  900°C, 
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Figure  6.  AES  Profile  through  surface  of  scale  formed  on  IMI834  after  lOOh  at  900°C. 


The  oxide  formed  on  Super  a2  remains  adherent  up  to  9(X)°C.  This  oxide.  Figure  5,  consists  of 
uniformly  thick  layers  in  which  grains  are  rounded  and  equiaxed.  The  total  thickness  of  the 
oxide  is  -  75pm.  Beneath  this  layered  oxide,  adjacent  to  the  metal  substrate,  there  is  adark,  thin, 
adherent  oxide.  XRD  analysis  of  the  specimen  detects  TiO;  with  only  small  amounts  of  Alp,. 
AES  showed  that  the  scale  formed  at  9(X)°C  consists  of  TiO;  and  A1;0,  with  trace  amounts  of 
Nb  and  V.  A  depth  profile  through  approximately  0.5pm  of  the  scale  from  the  surface  showed 
very  little  change  in  composition  except  for  an  apparent  reduction  in  the  V  signal  after  etching 
the  surface. 

Oxide  thickness  measured  by  SE.  A  examination  of  cross-section  specimens,  shows  that  scales 
formed  on  the  alloys  are  not  only  considerably  thinner  than  those  formed  under  equivalent 
conditions  on  titanium,  but  are  also  more  compact  and  stratification  is  less  distinct  thus 
preventing  easy  access  of  oxygen  to  the  metal  surface  and  diffusion-controlled  kinetics  are 
maintained.  Alpha-case  depths  above  600°C,  are  alsoconsiderably  thinner  in  the  alloys  than  in 
the  unalloyed  material.  Below  800°C  there  is  negligible  difference  between  the  two  alloys. 
There  is  however,  a  rapid  increase  in  the  aipha-case  on  IMI834  above  800°C,  which  is  likely 
to  be  caused  by  the  loss  of  scale  adherence,  hence  permitting  the  rapid  ingress  of  oxygen  to  the 
exposed  surface.  The  scale  thickness  on  Super  ot;  increases  with  respect  to  that  of  IMI834  above 
800°C,  but  remains  strongly  adherent  ev.  n  after  oxidation  at  9(X)°C. 

Cross  sectional  TEM  of  oxidised  samples 

Cross-sectional  TEM  has  been  carried  out  on  specimens  of  IMI125  and  IMI834  oxidised  at 
600°Cfor  100  h,  figure  7.  Measurements  of  the  scale  thickness  and  the  appearance  of  distinct 
oxide  layers  is  consistent  with  SEM  observations.  The  alloy  scale  consists  of  a  compact  layer 
about  2nm  thick,  which  is  found  next  to  the  substrate,  a  more  porous  layer  of  50mn  and  a  coarse 
urface  oxide  of  about  1 50nm.  EDX  has  not  shown  any  major  differences  in  composition  in  the 
oxide  on  1MI  834. 

Selected  area  diffraction  of  the  scales  gives  a  series  of  ring  patterns,  which  have  been  indexed 
and  identified  as  TiO;.  No  cross  sectional  specimen  of  Super  ct:  has  been  produced  as  yet  but 
extensive  further  work  is  planned. 

Measurement  of  oxygen  penetration  depth  from  hardness  profiles 

Hardness  measurements  have  been  made  on  oxidised  samples  which  were  cross  sectioned  after 
oxidation  at  600  and  9(X)°C.  Assuming  that  oxygen  concentration  is  directly  related  to  hardness 
of  the  material,  hardness  profiles  reflect  the  relative  oxidation  rates  of  the  alloys  at  the  different 
temperatures.  The  penetration  is  greatest  in  IMI125,  and  least  in  Super  a,.  At  lower  tempera¬ 
tures  the  behaviour  is  not  as  systema'ic,  as  pointed  out  from  the  weight  gain  observations,  and 
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it  appears  that  short  circuit  diffusion  paths  influence  oxidation  at  these  lower  temperatures. 
Diffusion  coefficients  for  volume  diffusion  of  oxygen  in  the  matrix  materials  are  presented  in 
the  form  of  an  Arrhenius  relation  in  figure  8. 


Figure  7.  TEM  micrograph  of  cross-section 

oxide  on  IMI834  after  lOOh  at  600°C 

Discussion 


ioVtk 

Figure  8.  Diffusion  coefficient  for  oxygen  in 
IMI125.  IM1834  and  Super  a.. 


The  interpretation  of  the  results  obtained  in  this  work  is  not  straightforward  and  it  is  clear  that 
not  only  are  different  factors  important  at  different  temperatures  but  it  is  also  clear  that  kinetic 
factors  arc  involved  as  well  as  minimum  energy  considerations.  The  fact  that  there  are  changes 
of  mechanisms  with  change  of  temperature  is  well  illustrated  by  the  weight  gain  experiments 
where  the  relative  rates  of  the  samples  changes  between  600  and  900°C.  This  immediately  raises 
difficulties  in  determining  the  activation  energies  of  the  processes  which  are  rate-controlling  as 
will  be  discussed  below. 

The  importance  of  factors,  other  than  minimum  energy  considerations  is  apparent  from  the 
Auger  observations  w  here  it  has  been  found  that  alumina  is  formed  in  the  oxide  both  on  IMI834 
and  on  Super  a,.  It  has  been  found  that  the  concentration  of  Al  needs  to  be  above  about  57-59 
at%  before  a  continuous  Al,0,  scale  is  oxidised  from  Ti  alloys  [5],  The  Al  contents  of  the  alloys 
investigated  here  are  well  below  this  and  Al  is  present  in  small  concentrations  throughout  the 
scales  on  both  of  the  alloys,  in  the  form  of  a- A1,0,.  The  presence  of  Al  must  therefore  involve 
a  mechanism  other  than  that  dictated  by  the  relative  activity  of  Ti  and  Al.  If,  as  seems  likely, 
Ti  is  indeed  oxidised  first  to  form  TiO,.  or  some  sub  oxide,  there  will  be  an  increase  in  the  Al 
cor  centration  at  the  oxide  metal  interface,  unless  the  Al  diffuses  away  from  this  interface  into 
the  body  of  the  metal.  If  Al  is  simply  incorporated  into  the  advancing  oxide,  there  could  be 
significant  build  up  of  Al  in  the  oxide.  Subsequent  oxidation  of  the  Al  would  lead  to  the 
formation  of  A1,0,  and  this  would  lead  to  a  reduction  in  the  oxidation  rate  in  IMI834and  Super 
a,  as  compared  with  that  in  IM1 1 25,  as  observed.  In  addition  the  formation  of  Al  O,  could  slow 
the  oxidation  rate  down  to  such  an  extent  that  the  diffusion  of  oxygen  into  the  body  of  the  metal 
could  now  be  controlled  by  the  rate  of  arrival  of  oxygen  at  the  metal-oxide  interface  and  this 
would  influence  the  oxygen  penetration  depth  as  measured  using  hardness  measurements. 

On  the  basis  of  the  Wagner-Hauffe  theory  of  mass  transport  in  oxides  Alv  cations  present  in  the 
anion  deficient  TiO, ,  lattice  should  increase  the  number  of  oxygen  vacancies  and  thus  cause  an 
increase  in  the  rate  of  oxygen  transport  through  the  oxide.  This  however,  is  not  observed 
experimentally  and  it  should  be  noted  that  the  presence  of  pentavalent  cations  in  the  alloy 
rcadliy  compensate  for  this  effect.  Other  mechanisms  must  be  operative  as  mentioned  above; 
an  effect  of  Al  occupying  interstitial  positions  in  the  TiO,  [6],  or  simply  the  trapping  of  diffusing 
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oxygen  atoms  by  the  Al  atoms,  would  result  in  the  reduction  in  the  rate  of  oxidation. 

The  Auger  analysis  of  oxidised  Super  a,  detected  trace  amounts  of  Nb  and  V  in  theTiOi+  Al  O, 
scale,  however  it  is  not  obvious  that  such  small  concentrations  could  have  a  significant  effect 
on  the  oxidation  rate.  The  Wagner-Hauffe  theory  predicts  that  the  substitution  of  Nb5-  and  V'- 
into  the  TiOj  lattice  would  cause  a  reduction  in  the  number  of  oxygen  vacancies  and  hence  a 
reduced  rate  of  oxidation.  Again  since  this  effect  is  very  small  and  easily  compensated  by  other 
alloying  elements,  some  other  mechanism  of  reducing  the  oxgyen  flux  must  be  operative.  NbjO, 
scale  formed  on  Nb  is  very  porous  and  offers  little  resistance  to  oxidation,  however  it  is  the  most 
stable  of  the  Nb  oxides  in  this  system,  and  can  form  complex  oxides  with  TiO;  and  Al;0,|3|. 
These  compounds  being  relatively  dense  are  more  protective,  than  the  porous  TiO;- AljO,  scale. 

In  contrast  to  the  activity  argument  for  the  formation  of  Al.O,,  the  concentration  of  SiO,  at  the 
metahoxide  interface  on  IMI834  is  not  surprising  since  the  free  enthalpy  of  formation  of  SiO, 
is  smaller  than  that  ofTiO  The  presence  of  smalierconcentrations  of  SiO,  detected  throughout 
the  scale  is  consistent  with  cation  diffusion  towards  the  oxygen:oxide  interface.  Si  is  thought 
to  play  an  important  role  in  the  prevention  of  oxygen  dissolution  into  the  metallic  substrate  |7 1, 
although  the  mechanism  for  this  is  not  clear.  It  would  appear  however,  that  its  presence  at  the 
interface  has  a  detrimental  effect  on  the  adherence  of  the  scale  at  the  higher  temperatures.  This 
is  in  agreement  with  the  findings  of  [ 8 )  who  report  that  small  concentrations  (less  than  0.5  wt 
Of ),  reduce  scale  adhesion  when  compared  to  pure  Ti.  The  Pilling-  Bedworth  ratio  of  SiO,  ( 1 .88- 
2.15)  is  significantly  larger  than  that  of  TiO,  (1.73);  this  difference  in  molecular  volume 
between  the  two  oxides  and  the  metal  will  cause  an  increase  in  stress  at  the  interface. 

Cracking  and  spalling  of  the  oxide  make  it  very  difficult  lodeterminc  the  rate  controlling  factors 
that  govern  oxidation  from  measurements  of  the  oxide  thickness.  The  data  collected  in  the 
present  work  has  shown  that  over  some  ranges  of  temperature  the  oxidation,  as  measured  by 
weight  gain  is  parabolic.  Since  the  weight  gain  isdue  tooxygen  which  has  diffused  to  form  both 
oxide  and  oxygen-rich  surface  layers  it  is  a  measure  of  the  total  rate  of  oxygen  take-up.  The 
temperature  dependence  of  the  weight  gain,  when  the  kinetics  arediffusion-eontrolled  (ie.  when 
the  gain  is  parabolic  with  time)  could  be  used  to  determine  the  activation  energy  over  that 
limited  temperature  range.  Unfortunately  the  data  obtained  do  not  show  smooth  parabolic 
weight  gain  over  a  sufficient  temperature  range  to  allow  such  an  analysis. 

It  is  tempting  to  consider  whether  the  hardness  data,  which  measures  the  oxygen  penetration 
into  the  samplesean  be  used  instead  todetermine  the  rate  controlling  factors.  On  the  assumption 
that  the  rate  controlling  factor  is  the  diffusion  of  oxygen  through  the  alloy,  and  that  the  diffusion 
of  oxygen  through  the  growing  oxide  does  not  influence  the  rate  of  penetration,  the  diffusivity 
of  oxygen  in  the  alloy  can  be  measured  from  the  hardness  measurements.  Thus  the  diffusion 
distance  at  each  temperature  is  given  by  x  =  VDt  so  that  D  can  be  obtained  as  a  function  of 
temperature.  Figure  6  shows  a  plot  of  D  against  I  ()*/T  which  allows  the  determination  of  Do  and 
Q  defined  in  the  equation 


D  =  Do  exp  (- Q/RT  )  (2) 

Values  of  D,  and  Q  obtained  from  these  results,  on  the  assumption  there  is  a  singly  acti¬ 
vated  event  controlling  oxygen  penetration  in  the  metal,  are  presented  in  Table  II. 

TABLE  II  Diffusion  Coefficients  and  Activation  Energies  from 
hardness  profiles  (Hv) 


Material 

Q,  kJ  mole 1 

If  ,  cm'  sec 

IMI125 

155 

1.4x10' 

IMI8.34 

180 

1.0  x  10' 

Super  dj 

121 

4.6x10* 
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The  values  of  Dt  and  Q  obtained  for  IMI 1 25  and  for  IMI834  are  comparable  with  published  data 
(9|  and  appear  to  be  physically  reasonable.  The  data  obtained  for  Supera,,  however,  give  values 
of  Q  and  D,  which  do  not  seem  to  be  physically  reasonable.  Earlier  analysis  has  shown  [  10]  that 
very  low  values  of  Dt  are  not  compatible  with  singly  activated  events.  Various  suggestions  have 
been  put  forward  to  account  for  such  low  values  but  from  the  present  viewpoint  it  is  reasonable 
to  conclude  that  equation  (2)  does  not  appear  to  describe  diffusion  through  Super  a:. 

The  oxidation  behaviour  of  titanium  alloys  at  high  temperatures  and  the  role  of  additional 
elements  is  complex.  Further  work  is  required  to  understand  all  contributing  factors,  a  fact 
reflected  in  the  wide  divergence  in  reported  data.  It  may  not  be  appropriate  to  use  a  simple 
Arrhenius  relationship  to  characterise  the  kinetics;  a  more  detailed  examination  of  all  the 
mechanisms  of  diffusion  involved  in  the  oxidation  process  is  necessary.  The  improvement  in 
oxidation  rate  of  the  alloys  over  that  of  pure  titanium  nay  be  attributed  in  part,  a  the 
improvement  in  the  barrier  properties  of  the  scale.  Cation  diffusion  through  the  scale  seems  a 
likely  mechanism  of  reducing  the  flux  of  oxygen  to  the  metal  interface.  An  important  factor  in 
scale  adherence  is  the  build  up  of  stresses  at  die  metal-oxide  interface;  the  influence  of  alloying 
additions  concentrated  in  this  region  on  oxide  spalling  characteristics  merits  further  investiga¬ 
tion.  Furthermore,  additional  cross-sectional  TEM  examination  is  considered  important  to  the 
understanding  of  the  oxidation  behaviour  of  these  materials. 
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ENVIRONMENTAL  INFLUENCE  ON  THE  FATIGUE  CRACK  GROWTH 


PERFORMANCE  OF  TI-1100  AT  ELEVATED  TEMPERATURES 
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Abstract 

The  high  temperature  fatigue  crack  growth  behavior  of  Ti-1 100  is  investigated  for  different  loading 
frequencies  in  both  air  and  vacuum  environments.  Two  types  of  time-dependent  damc.ge  mechanisms 
have  been  identified:  oxidation  and  creep  effects.  It  is  concluded  that  the  effect  of  oxidation  on  the 
crack  growth  acceleration  is  rapid  and  constant  in  relation  to  the  frequencies  tested  and  only  weakly 
dependent  on  cycle  time.  Creep  effects,  on  the  other  hand,  are  dominant  at  low  frequencies  in  both  air 
and  vacuum  and  found  to  be  loading-rate  dependent.  The  degree  of  contribution  of  each  of  these  two 
damage  modes  during  the  steady  state  growth  region  has  been  detenu  ined  by  examining  the  frequency 
response  of  the  exponent  and  coefficient  parameters  of  a  Paris-type  equation. 

INTRODUCTION 

A  new  silicon  bearing  near  alpha  titanium  alloy,  Ti-1 100,  was  developed  by  TIMET  to  provide 
an  optimum  level  of  creep  and  fatigue  performance  at  temperatures  up  to  593‘C.  The  nominal  chemical 
composition  of  this  alloy  is:  Ti-6AI-2.8Sn-4Zr-0.4Mo-0.45Si-0.070-<0.03Fe.  The  work  of  Bania  1 1 ,2] 
describes  in  details  the  microstructure  characteristics  of  this  alloy  and  elaborates  on  its  uniaxial 
mechanical  properties.  Ghonem  and  Foerch  (3)  have  studied  the  effect  of  loading  frequency  on  fatigue 
crack  growth  behavior  of  Ti-1 100  at  593‘C.  In  their  work,  the  influence  of  low  and  high  frequency  was 
examined  in  both  air  and  vacuum  environment.  While  the  results  have  established  an  influence  of 
environment  on  the  crack  tip  damage,  it  did  not  examine  the  synergism  of  time  dependent  effects  due  to 
elevated  temperature  crack  propagation  in  the  pure  cyclic  and  creep-fatigue  regimes.  This  paper  will 
attempt  to  explore  the  interrelated  effects  of  these  regimes  in  order  to  identify  the  boundary  of  each 
corresponding  damage  mechanism. 

EXPERIMENTAL  PROCEDURE 

Fatigue  crack  growth  tests  were  performed  in  air  and  high  vacuum  (5x10"*  Torr,  6.6x1 0'6  Pa) 
at  both  room  (23'C)  and  elevated  temperatures  (593'C).  Loading  frequencies  examined  in  this  work 
have  varied  from  30  Hz  to  0.0031  Hz  in  air,  and  10  Hz  to  0.0031  Hz  in  vacuum.  AH  tests  utilized 
compact  tension  specimens  machined  with  the  crack  front  perpendicular  to  the  rolling  direction  (L-T). 
Crack  length  was  measured  remotely  using  the  direct  current  potential  drop  method.  Crack  closure 
was  measured  in  all  air  tests.  In  vacuum,  however,  no  closure  was  measured  except  the  case  of  0.5Hz, 
room  temperature  test.  To  establish  material  properties  for  analysis  of  the  fatigue  crack  growth  data, 
tensile  tests  under  variable  strain  rates  were  performed.  All  the  test  specimens  generated  during  the 
experimental  portion  of  this  work  were  examined  extensively  using  SEM  and  optical  techniques. 

EXPERIMENTAL  RESULTS 

The  average  prior-f)  grain  size  was  =  550  pm  and  the  average  aligned  alpha  colony  size  was  =40pm  as 
determined  by  linear  intercept.  Transmission  Electron  Microscopy  revealed  almost  no  beta  phase  layer 
between  the  alpha  plates  or  even  at  colony  boundaries,  In  addition  although  the  material  was  air  cooled 
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from  the  forging  temperature  and  received  an  8  hour  aging  treatment  at  593‘C,  neither  precipitates  of 
TC3AI  nor  silicides  were  apparent  in  this  condition. 

The  results  from  the  tensile  tests  at  strain  rates  of  102,  104  and  106  1/s  and  593'C  showed 
almost  no  strain  rate  sensitivity  for  the  yield  stress,  values  being  490  MPa  at  102  1/s,  505  MPa  at  lfr4 
1/s,  and  480  MPa  at  10‘6  1/s.  Serrated  yielding  was  observed  in  the  10-2  and  104  strain  rate  conditions. 
In  addition,  work  by  Bania  (2)  shows  a  plateau  in  the  test  temperature  vs.  yield  stress  curve  indicating 
that  the  yield  stress  has  a  lack  of  temperature  dependence  for  the  temperature  range  300-550'C.  This 
combination  of  features  is  often  cited  as  indicative  of  dynamic  strain  aging,  a  process  linked  to  both 
silicon  and  oxygen  content  in  other  titanium  alloys  (4). 

Experimental  data  from  crack  growth  tests  earned  out  in  air  environment  are  shown  in  Figure  1. 
Results  from  vacuum  tests  are  shown  separately  in  Figure  2.  Examination  of  this  data  supports 
observations  made  in  Ref.  (3|  that  in  this  alloy  a  significant  frequency  and  temperature  influence  on 
crack  growth  rate  exists  in  both  air  and  vacuum  environments.  Comparison  of  the  air  and  vacuum 
results  also  shows  a  general  improvement  in  fatigue  crack  resistance  in  vacuum  at  ail  loading 
frequencies  at  both  room  and  elevated  temperatures.  Note,  however,  that  the  improvement  in  vacuum  is 
most  pronounced  at  lower  AK,  while  the  effect  decreases  as  AK  increases. 

The  data  for  some  high  temperature  tests,  especially  in  vacuum,  show  a  knee  in  the  FCGR 
curves  at  low  values  of  AK  similar  to  that  frequently  observed  in  other  materials  at  elevated  temperature 
and  which  is  attributed  to  a  change  in  crack  growth  mechanism  [3,5,6].  At  high  values  of  AK  there  is 
an  increase  in  slope  and  a  convergence  of  all  curves  to  a  single  line  indicative  of  the  approaching  Kic 
value  where  environment  and  creep  components  are  of  lesser  consequence.  Such  changes  in  growth 
behavior  are  traditionally  labeled  as  stages  I,  II,  and  III,  for  microstructurally  sensitive  growth  at  low 
AK,  linear  Paris  Law  steady  state  growth,  and  nearly  unstable  fracture  regions  respectively. 

The  stage  I  to  II  knee  is  seen  to  be  most  pronounced  at  elevated  temperature  in  the  10  Hz, 
0.5Hz,  and  0.05  Hz  vacuum  tests  and  also  in  air  tests  run  with  frequencies  less  than  0.05  Hz,  while  the 
knee  is  relatively  absent  in  air  and  vacuum  at  23’C.  One  should  recognize,  however,  that  the  change 
from  stage  I  to  stage  II  need  not  be  accompanied  by  a  noticeable  knee  in  the  curve  as  is  shown  by 
Yoder  [7]  and  this  is  indeed  the  case  in  this  material  under  certain  conditions  as  discussed  in  Ref.  [8],  It 
is  also  observed  that,  within  the  stage  II  steady  state  behavior,  there  is  a  consistent  change  in  slope  of 
the  curves,  such  that  the  Paris  Law  exponent  decreased  with  increased  cycle  time  and  with  increased 
temperature  in  both  air  and  vacuum  environments.  These  results  are  consistent  with  damage  effects 
produced  by  combined  environmental  embrittlement  and  creep  deformation. 

Temperature  effects  for  the  group  of  tests  run  at  10Hz  arc  presented  in  Figure  3  as  crack  growth 
rate  versus  (AK/OySE).  When  loading  is  represented  as  CTOD  accounting  for  yield  and  modulus 
changes,  there  is  only  a  small  enhancement  of  environmental  effect  when  considering  a  change  in 
temperature  from  23'C-650'C. 

Crack  closure  is  shown  in  Figure  4  as  the  ratio  of  AKeff/AKnom  versus  AKnom.  where  the 
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Figure  1:  Crack  growth  rate  versus  AK  for 
some  tests  in  air  environment. 


Figure  2:  Crack  growth  rate  versus  AK  for 
tests  in  vacuum  environment 
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Figure  3:  Crack  growth  adjusted  for  variation 
in  modulus  and  yield  due  to  temperature  change. 
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Figure  4:  Crack  closure  it.  'els  for  air  and 
room  temperature  tests. 


subscripts  eff  and  nom  indicate  effective  and  nominal,  respectively.  In  previous  work  on  Ti-1 100  under 
variable  loading  frequencies  it  was  noted  that  closure  was  significant  at  low  AK  loadings,  particularly  at 
room  temperature  [3|.  The  effect  of  closure  on  a  da/dN  vs.  AK  plot  is  to  decrease  the  slope  of  the  FCGR 
curve,  especially  in  the  stage  I  region.  In  addition,  under  decreasing  frequencies,  where  the  knee  is  most 
evident,  the  closure  levels  are  found  to  be  much  reduced,  not  significantly  altering  the  shape  of  the  growth 
curve.  The  results  from  the  0.5Hz  23’C  vacuum  test  shows  a  level  of  closure  which  is  very  similar  to  but 
slightly  less  than  that  of  the  10Hz,  23’C  air  test. 

The  fracture  morphologies  seen  in  Ti-1 100  under  the  test  conditions  run  in  the  present 
investigation  are  classified  as  follows: 

1 )  At  low  AK,  in  air  and  vacuum,  growth  takes  place  in  a  cyclic  cleavage  process  largely  along 
the  basai  plane,  with  furrows  connecting  the  cleaved  planes  [21-23],  Cleavage  is  promoted  by  the 
Widmanstatten  microstnicture  in  which  the  alpha  phase  platelets  have  the  same  crystallographic  orientation 
within  a  colony.  Fracture  surfaces  from  test  run  in  air  and  vacuum  displaying  the  quasi-cleavage  fracture 
morphology  are  shown  in  Figure  5.  It  can  be  seen  in  Figure  5a  that  the  cleavage  process  in  air  is  much 
more  glassy  in  nature  than  cleavage  features  in  vacuum  which  has  less  distinct  with  a  highly  textured, 
ruptured  appearance  in  places. 

2)  Stage-II  propagation  in  air  is  characterized  by  a  striated  growth  (Figure  5c).  In  air 
environment,  the  striatioas  arc  clearly  defined  and  measurements  of  striation  spacing  accurately  represent 
the  crack  growth  rate.  The  local  crack  growth  direction  indicated  by  the  striations  was  seen  to  vary  a  great 
deal  showing  that  the  local  crack  growth  is  often  quite  different  from  the  macroscopic  growth  direction. 
In  vacuum,  a  striation-like  morphology  was  observed  as  vague  ripple  patterns  which  are  discontinuous 
along  their  length,  and  often  do  not  have  a  constant  step  distance  between  two  lines,  see  Figure  5d. 

3)  High  AK  loading  at  low  frequencies  and  elevated  temperature  yields  intergranular  prior-))  grain 
boundary  fracture  [3].  Air  and  vacuum  intergranular  modes  display  the  same  rough  texture  appearance. 
Intergranular  fracture  was  seen  to  begin  at  a  higher  frequency  in  vacuum  tests  than  in  air  with  mixed  trans- 
and  intergranular  fracture  in  vacuum  at  0.05Hz  while  in  air  at  the  same  frequency,  fracture  is  fully 
transgranular.  Fully  intergranular  fracture  in  air  was  not  observed  until  a  very  high  AK  level  in  the 
0.005Hz  test,  the  percentage  of  intergranular  fracture  in  the  0.05Hz  vacuum  tests  specimen  being 
approximately  equal  to  the  0.005Hz.  air  test.  Five  minute  hold  time  at  maximum  load  gave  fully 
intergranular  fracture  in  both  air  and  vacuum  environments  over  the  entire  range  of  AK  tested. 

ANALYSIS  AND  DISCUSSION 


Environmental  effects:  Environmental  influence  on  FGC  of  metallic  materials  at  elevated 
temperatures  has  been  seen  to  manifest  itself  by  one  or  a  combination  of  the  following  mechanisms: 

(i)  Short  range  stress  directed  diffusions!  mechanism  where  a  brittle  oxide  layer  is  formed  at  the  crack  tip 
and  subsequently  fractured  by  the  cyclic  process  |9],  (ii)  Long  range  stress  directed  diffusiona! 
mechanisms  which  may  include  a  multi-layer  stable  oxide  growth  or  large  depth  of  penetration  by  oxygen 
effectively  creating  a  boundary  layer  of  modified  alloy  in  the  region  of  the  crack  tip  [  10],  (iii)  Adsorption 


2,04  S 


Figure  5:  Fracture  surface  morphologies  in  both  air  and  vacuum  la)  Difference  in  cleavage 
appearance  in  air  (upper  nghn  and  vacuum  (lower  left),  (h)  Imerseciing  cleavage  planes  with  striated 
plane  in  vacuum  (c)  Appearance  of  stnations  in  air  (d)  Appearance  of  sinaiions  in  vacuum 

pmc  esses  requiring  (he  formation  of  a  complete  monolayer  on  (he  Iresh  crack  surface  which  lowers  the 
energy  requited  to  form  new  crack  surlacc  and  which  limits  rewcldmg  and  reversibility  of  slip  [11) 
(iv)  Oxide  induced  crack  closure  mechanisms 

From  the  comparison  given  in  Fig  1.  the  short  range  brittle  oxide  mechanism  described  above 
is  not  evident  in  (he  present  results,  since  il  would  be  expected  (hat  a  temperature  increase  front  23'C  to 
h5(t‘C  would  promote  oxide  formation  through  enhancement  of  diffusion,  but  bulk  yield  and  modulus 
changes  were  found  to  be  sufficient  to  consolidate  (he  gmwth  rale  curves  It  could  he  argued  that  lull/ 
is  too  high  a  frequency  to  allow  environmental  effects  to  influence  the  crack  growth  process  This  is. 
however,  contrary  to  the  observation  that  environmental  effects  are  seen  when  comparing  vacuum  and 
air  results  at  593’C  al  Kill/  Likewise,  the  oxide  induced  closure  mechanism  was  not  found  to  play  a 
significant  role  in  fatigue  crack  gmwth  behavior  of  this  alloy  The  lack  of  spalled  oxide  traces  on  the 
fracture  surface,  lack  of  enhanced  oxide  coloration  in  the  low  \K  growth  region,  and  closure  fiends 
between  room  and  elevated  temperatures  with  closure  levels  being  highest  in  room  temperature,  and 
decreasing  w  ith  cycle  time  at  elevated  temperature  HI  support  this  conclusion 

The  fact  that  an  environmental  effect  exists  but  is  weakly  temperature-dependent  lends 
credence  to  a  mechanism  like  (ii)  and  < in  i  above  where  the  environmental  effect  is  through  a  Iasi,  stress 
induced,  non  Arrchnius  tvpe  of  diffusion,  and/or  through  an  adsorption  mechanism  These  two 
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Figure  6:  Relationship  between  Paris  Law  Figure  7:  Relationship  between  Paris  Law 

exponent  and  cyclic  frequency.  coefficient  and  cyclic  frequency. 


mechanisms  are  difficult  to  separate,  but  in  either  case  the  environmental  effect  appears  to  "saturate" 
even  at  a  frequency  of  10Hz. 

Closure  Effects:  As  mentioned  earlier,  closure  measurements  in  vacuum  have  not  been 
obtained  except  for  the  case  of  0.5Hz  at  room  temperature.  However,  at  elevated  temperature,  indirect 
evidence  exists  that  closure  may  be  responsible  for  the  appearance  of  distinct  knees  in  the  vacuum  crack 
growth  rate  curves.  In  air.  the  existence  of  knees  are  found  to  be  the  result  of  a  combination  of  crack 
closure  and  some  transient  effects  and  not  due  to  a  change  from  stage  I  to  stage  II  growth  mechanisms. 
This  conclusion  was  reached  as  a  result  of  constant  AK  tests  carried  out  at  low  AK  («  7  MPaVm)  for 
which  da/dN  values  fell  on  the  line  extended  from  the  stage  II  region  curve.  Furthermore,  on  the  basis 
of  fracture  surface  analysis,  the  position  of  the  apparent  knee  in  air  was  found  to  be  at  a  much  lower  AK 
value  than  that  at  which  the  transition  from  quasi-cleavage  to  striations  occurs.  The  existence  of  knees 
as  an  indicator  of  transition  from  stage  1  to  stage  II  growth  is  discussed  in  the  work  of  Yoder  [7]  in 
which  the  sharpness  of  the  knee  is  directly  related  to  the  narrowness  of  the  distribution  of  aligned  alpha 
colony  sizes  in  the  microstructure.  The  existence  of  knees  in  vacuum  could,  however,  be  explained  on 
the  basis  of  the  enhanced  crack  Up  closure  observed  in  vacuum.  Here  the  sharper  knee  in  the  10Hz 
vacuum  test  compared  to  that  of  the  0.05Hz  in  vacuum  agrees  with  the  trend  towards  higher  closure 
levels  with  increasing  frequency  as  has  been  observed  in  air  tests  [3],  Furthermore,  the  observation  that 
the  onset  of  formadon  of  striation  in  vacuum  coincides  with  the  appearance  of  the  knee  could  be  caused 
by  a  closure  mechanism  which  changes  abrupUy  when  the  fracture  mode  changes  from  quasi-cleavage 
to  a  striated-like  mode. 


Frequency  Effects:  The  FCGR  results  from  593'C  in  vacuum  indicate  clearly  a  frequency 
effect  which  is  independent  of  the  environment.  The  results  from  air  tests,  in  which  environmental 
effects  are  expected  to  play  a  role,  display  trends  similar  to  those  of  vacuum  tests,  while  showing  an 
overall  higher  crack  growth  rate  for  a  given  condition.  This  behavior  could,  in  a  simple  approach,  be 
expressed  by  employing  a  Paris-type  equation  that  would  incorporate  both  the  frequency  effect  seen  in 
vacuum  and  the  environmental  effect  seen  in  air  into  the  coefficient,  C,  and  exponent,  m,  of  this 
equation  which  is  written  as: 

da/dN  =  C(593'C,  /re  q,  env)  AKm(593'C,  /,  env) 


By  applying  this  equation  to  all  test  conditions  at  elevated  temperature,  one  obtains  relationships 
between  the  exponent,  m,  and  coefficient,  C,  and  the  test  frequency  as  shown  in  Figs.  6  and  7.  It  is  seen 
that  in  air  and  vacuum  tests  there  is  a  dependence  on  cyclic  frequency  for  both  parameters;  in  particular 
for  air  environment  at  frequencies  below  0.05  Hz  and  in  vacuum  below  0.5  Hz.  The  nature  and 
magnitude  of  frequency  effect  for  both  conditions  below  these  transitional  frequencies  is  very  similar 
and,  assuming  that  no  oxidation  effects  are  present  in  vacuum,  it  can  be  concluded  that  creep  related 
effects  dictate  the  response  of  crack  growth  to  frequency.  Additionally,  the  effect  of  unsymmetric 
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rather  than  the  total.  Conversely,  the  0.05  Hz  condition  with  fast  loading  (ls-19s)  correlates  based  on 
the  total  cycle  time.  Loading  rate  can  therefore  be  associated  with  creep-fatigue  damage,  while 
environment  effects  ate  based  on  total  exposure  time. 

Environment  effects  are  seen  to  be  most  significant  at  frequencies  above  1  Hz,  where  there  is  a 
large  difference  in  both  the  coefficient  and  the  exponent.  This  does  not  mean  that  the  effect  of 
environment  decreases  with  increasing  cycle  time,  but  rather  that  another  time-dependent  process,  such 
as  creep,  becomes  the  controlling  factor  at  lower  frequencies.  At  frequencies  lower  than  the  transitional 
frequencies  of  this  material,  the  Paris  exponent  decreases  rapidly  as  a  logarithm  of  frequency  and  is 
independent  of  environment.  Meanwhile,  at  these  frequencies,  the  coefficient  parameters  from  the  air 
tests  show  a  constant  scaling  compared  to  the  vacuum  results.  This  scale  value,  which  can  be  taken  as  a 
direct  measure  of  the  environmental  effect,  results  in  about  a  three-fold  crack  growth  rate  increase 
between  vacuum  and  air  tests.  It  is  significant  that  this  scale  factor  is  practically  independent  of  cycle 
time,  indicating  a  mechanism  of  environmental  effect  which  is  fast  with  respect  to  the  test  frequencies 
while  remaining  constant  in  magnitude.  The  coefficient  is  seen  to  have  a  low  order  time  dependence  at 
frequencies  higher  than  the  transitional  frequency  in  air  environment,  while  the  vacuum  tests  are 
independent  of  frequency  before  creep  is  activated. 

CONCLUSIONS 

The  effects  of  the  environment  on  the  fatigue  crack  growth  of  the  titanium  alloy,  Ti- 1 100,  found  in  the 
study  can  be  summarized  as  follows: 

1.  The  primary  effect  of  the  environment  is  to  increase  the  fatigue  crack  growth  rate,  but  the  effect  is 
not  large.  This  effect  was  found  to  be  constant  and  rapid  in  relation  to  the  frequencies  tested  and  is 
weakly  dependent  on  cycle  time. 

2.  An  effect  of  environment  was  found  to  be  an  increase  in  the  Paris  law  exponent  and  a  decrease  in 
the  Paris  law  coefficient  when  going  from  the  vacuum  to  air  environment 

3.  Viscoplasticity  has  a  dominant  effect  in  controlling  fatigue  crack  growth  behavior  at  593'C  at  low 
frequencies.  The  effect  manifests  itself  as  a  shift  towards  higher  AK  in  the  transition  from  quasi¬ 
cleavage  to  striation  dominated  transgranular  growth  and  as  a  change  from  transgranular  to 
intergranular  fracture  mode.  Paris  law  parameters  in  stage  II  growth  are  largely  determined  by  the 
extent  of  viscoplastic  response. 

4.  A  significant  secondary  effect  of  environment  is  seen  as  a  reduction  of  viscoplastic  response  in  air 
compared  to  vacuum  such  that,  for  example,  intergranular  growth  is  evident  in  vacuum  at  higher 
cyclic  frequencies  than  in  air. 

5.  An  additional  effect  of  environment  is  an  apparent  change  in  crack  closure  with  the  possibility  of  a 
greater  degree  of  closure  in  vacuum. 
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INVESTIGATION  OF  PROPERTIES  OF  ^TITANIUM  ALLOYS 


IN  A  GESEOUS  HYDROGEN  MEDIUM 


Victor  Sytshikov,  Lubov  Rtitsheva,  S.Ushkov,  V.Durjagin,  A.Repechenko 

The  Central  Research  Institute  of  Structural  Materials  "Prometey" 
Sankt-Petersburg,  Russia,  193167 


Abstract 

The  tensile  tests  of  J.  -titanium  alloys  in  hydrogen  gas  showed  that  the  de¬ 
crease  of  tensile  static  properties  regardless  of  test  temperature  occures. 
The  low  cycle  endurance  test  of  alloys  in  hydrogen  gas  showed  that  medium 
effect  is  observed  at  stresses  higher  than  0,6<og;  it  is  correlated  to  in¬ 
creased  hydrogen  content  on  surface  fracture  of  the  sample  and  fracture  sur¬ 
face  fracture  appearance. 


The  conformities  of  hydrogen-metal  interaction,  hydrogen-titanium,  in  parti¬ 
cular,  and  the  hydrogen  embrittlement  of  the  metals  are  of  great  importance 
due  to  the  prospects  of  hydrogen  power  plants  development. 

The  hydrogen  effect  on  the  tensile  properties  of  the  titanium  and  titanium 
alloys  was  studyed  on  a  prehidrogenated  material  in  general,  when  the  con¬ 
centration  relations  were  put  to  the  first  line  and  the  accepted  hydrogen 
content  in  materials  or  structures  was  determined. 

A  general  approach  to  the  development  of  the  titanium  structure  keeping  the 
safety  under  the  hydrogen  attack  can  be  formulated  as  follows:  the  standard 
hydrogen  content  of  thin  semiproducts  can  deviate  to  a  sense  of  an  increase, 
and  that  of  thick  semiproduct  can  be  corrected  to  a  sense  of  reduction  as 
compared  to  a  critical  hydrogen  content,  if  an  middle  thick  semiproducts 
(25  mm). 

The  tensile  properties  of  the  titanium  alloys  operating  of  testing  in  a  ga¬ 
seous  hydrogen  at  elevated  pressures  and  temperatures,  especially,  are  less 
investigated.  This  work  shows  the  tensile  properties  of  the  d  -titanium  al¬ 
loy  under  uniaxial  tension  in  a  gaseous  hydrogen  medium  as  a  function  of  a 
test  temperature  and  hydrogen  pressure  at  low  cycle  fatigue  tests. 

The  tests  were  carried  out  on  the  specimens  in  IIT-3B  and  IIT-7M  titanium  al¬ 
loys,  whose  chemical  composition  meets  the  requirements  of  the  GOST  19807— 
79.  The  EIT-7M  alloy,  alloyed  by  2,5%  Zr  and  by  about  2,0%  A1  is  commercial¬ 
ly  pure  oL-alloy,  where  hydride  mechanism  of  hydrogen  embrittlement  is  acti¬ 
vated.  The  EIT-3B  alloy  contains  about  4,0%  A1  and  about  2%  V  and  is  a  beti- 
zed  t^-alloy,  whose  structure  contains  2-3%  of  the  /3-phase.  Because  of 
this  either  the  hydride  hydrogen  embrittlement  or  tne  embrittlement  of  the 
second  type,  characteristic  of  the  alloy  at  low  rate  of  applied  stresses, 
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occurs. 

The  procedure  impurity  content  (Fe,Si,C,N,0)  etc  of  the  alloy  as  typical 
to  the  commercial  materials. 

The  gaseous  hydrogen  of  A  grade  in  accordance  with  the  GOST  3022-80  was  ap-  ied  a 
plied  as  a  hydrogen  medium,  air  was  applied  as  a  reference  medium.  The  tests 
were  carried  out  in  accordance  with  the  procedure  and  using  facilities  of 
the  Physico-Mechanical  Institute  of  AS  Ukraine.  These  procedures  allow  to 
investigate  a  structural  material  behaviour  in  an  aggressive  media  of  ele¬ 
vated  parameters. 

The  tensile  tests  were  carried  out  on  the  5-fold  cylindrical  specimens  of 
5  mm  gauge  section  diameter  at  20-300°C  and  at  1MPA  and  40  MPa  operating 
hydrogen  pressure.  The  tensile  properties  of  the  IIT-7M  alloy  as  a  functi¬ 
on  of  the  tensile  strain  rate  which  varies  in  0,1-100  mm/min  range  were 
investigated.  The  information  of  the  tensile  properties  as  a  function  of 
temperature  and  rate  in  the  hydrogen  medium  is  required  for  .firstly,  correct 
evaluation  of  their  properties  and  secondly,  to  account  for  a  possible  hydro¬ 
gen  effect.  The  minimum  strength  of  the  alloy  in  the  hydrogen  was  observed 
at  0,1  mm/min,  the  tensile  properties  as  a  function  of  temperatures  of  the 
alloy  were  evaluated  at  the  rate.  The  hydrogen  effect  results  in  some  re¬ 
duction  of  the  tensile  properties  of  the  material,  especially,  at  40  MPa 
hydrogen  pressure.  The  increase  of  ductility  is  observed,  the  relative  elon¬ 
gation  values  in  the  hydrogen  is  27-30%  ,  and  in  the  air  -  19-21%.  Figure  1 
shows  the  test  results  of  HT-3B  and  IIT-7M  alloy. 


T  °C 


Figure  1  Test  temperature  and  hydrogen  pressure  effects  on  the 
tensile  properties  of  the  IIT-3B  and  IIT-7M  alloys  at 
0,1  mm/min  uniaxial  tensile  rate. 


The  strength  of  ECT-3B  alloy  in  the  hydrogen  is  reduced  by  8-39  %  as  compar¬ 
ed  to  air,  the  maximum  reduction  (39%)  was  observed  at  100°C.  The  strength 
of  the  IIT-7M  alloy  in  the  hydrogen  as  compared  to  air  is  reduced  by  15-43%, 
the  maximum  reduction  is  observed  at  room  temperature.  The  hydrogen  effect 
on  ductility  characteristics  is  small.  The  date  analysis  shows  that  the 
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test  medium  influences  the  HT-3B  alloys  more  as  compared  to  the  HT-7M  al¬ 
loy  which  is  undoubtly  related  to  their  structural  features.  The  higest  effect 
of  the  medum  was  observed  at  100  C  (the  strength  was  decreased  up  to  39%), 
which  implies  that  under  tension  the  occlusion  mechanism  is  activated.  On 
the  contrary,  the  hydrogen  effect  on  the  IIT-7M  alloy  is  utmost  at  room 
temperature.  The  indirect  method  indicating  the  test  mediim  effect  on  the 
titanium  properties  is  related  to  a  scanning  electron  microscopy.  A  frac¬ 
ture  surface  of  the  specimens  after  tensile  tests  was  investigated  with  the 
"Stereoscan- 150",  the  scanning  electron  microscope.  It  seemed  that  all  the 
fracture  surfaces  of  the  HT-3B  alloy  tested  in  air  and  in  hydrogen  are 
characterized  by  a  ductile  fracture  of  a  dimple  relief.  However,  on  the 
fracture  surfaces  of  the  specimens  tested  in  hydrogen  small  secondary  cracks 
were  observed,  they  are  clearly  seen  at  large  magnification  (Figure  2).  The 


Figure  2  Fracture  surfaces  of  the  specimens  in  IIT-3g  alloy  after 
tensile  tests  in  the  hydrogen  medium  at  300  C. 


low  cycle  fatigue  tests  with  an  applied  frequency  of  pulsing  load  equal  to 
6  cycles/min  were  carried  out  at  an  ambient  temperature  in  the  hydrogen 
medium  on  the  specimens  with  stress  concentrators  (X=  2, 8-3,0).  The 
strength  of  the  notched  sDecimens  in  the  IIT-3B  and  IIT-7M  alloys  of  100  MPa 
and  90  MPa,  respectively,  was  determined  prior  to  low  cycle  fatigue  tests. 
The  low  cycle  fatigue  tests  were  performed  under  the  three  cyclic  load  va¬ 
lues  equivalent  to  0,4£)b  ,  0,6C5g  and  0,45(5b  (C5b  f°r  the  nT-3B  alloy). 
The  test  indicated  (Figure  3)  that  the  low  cycle  life  time  of  the  IIT-3B 
alloy  tended  to  reduce  under  the  two  levels  of  amplitude  range  of  the  cyc¬ 
lic  load,  corresponding  to  0,7^b  and  0,6C>b  (C>c  =  80  MPa,(Jc  =  85  MPA). 

At  lower  cyclic  load  value  (Oc  =  50  MPa)  there  is  non-exsitance  of  the  hyd¬ 
rogen  effect  on  the  low  cycle  fatigue.  This  is  of  great  importance  for  the 
structures  and  systems  operating  in  the  hydrogen  medium,  i.e.at  loads  equal 
to  or  lower  than  0,45(5b  the  al-titanium  alloys  can  safely  operate  in  the 
hydrogen  medium. 

The  investigation  of  the  fracture  surfaces  with  the  "Stereoscan- 150"  elec¬ 
tron  scanning-myc  roscope  indicated  the  existance  of  appreciable  difference 
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Figure  3  The  effect  of  the  hydrogen  on  the  low  cycle  fatigue  of 
IIT-3B  and  HT-7M  alloys. 

of  the  fracture  surface  microstructure  of  the  specimens  tested  in  air  and 
in  hydrogen.  The  specimens  tested  at  0  c  s  65  MPa  characterized  by  the  ut¬ 
most  effect  of  the  hydrogen  were  investigated.  The  both  test  types  (in  air 
and  in  hydrogen)  are  characterized  by  the  similar  fracture  type:  crack  ini¬ 
tiation  zone,  fatigue  striations,  shear,  ductile  dimple  after  fracture.  Ho¬ 
wever,  the  fracture  surfaces  of  the  specimens  in  the  IIT-3B  alloy  tested  in 
the  gaseous  hydrogen  medium  the  fraction  of  brittle  constituents  is  increas¬ 
ed  appreciably  i.e.  fractures  of  the  shear  type,  many  secondary  cracks 
(over  up  to  60%  of  the  fracture  area)  (Figure  4).  The  base  fracture  types 
of  the  fracture  surfaces  of  the  specimens  tested  in  air  are  a  fatigue  zone 
and  ductile  afterfracture. 

The  random  evaluation  of  the  hydrogen  content  of  the  specimens  tested  in  the 
hydrogen  medium  (Table  1  ) showed  the  hydrogen  content  gradient  across  the 
section.  The  hydrogen  content  was  'determined  by  a  spectral  method  laverwise 
across  the  thickness  of  the  specimen. 

It  is  of  note  the  existance  of  "grey"  colour  on  the  fracture  surface  of  the 
specimens  tested  in  the  gaseous  hydrogen  medium,  which  is  characteristic  of 
the  specimens,  the  hydrogen  embrittlement  effect  of  which  is  activated  du¬ 
ring  specimen  testing.  The  phenomena  seems  to  indicate  a  formation  of  a 
thin  hydride  film  on  a  juvenile  surface  of  the  specimens  at  the  time  of  a 
crack  opening  in  the  hydrogen  medium.  This  is  indicated  by  the  above  data. 
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Figure  4  The  fracture  surfaces  of  the  specimens  in  IIT-3B  alloy 
after  low  cycle  life  time  tests  in  the  gaseous  hydrogen 
medium. 


Table  1  A  layerwise  hydrogen  content  of  the  specimens  in  IIT-3B 
alloys  after  the  low  cycle  tests 


The  test 
medium 

The  distance  from  a  surface,  mm 

0,05-0,08 

0,10-0,13 

0,20 

air 

0,01  -  0,07 

0,015  -  0,016 

0,005  -  0,013 

hydrogen, 

0,05  -0,02 

0,013 

0,013 

1  MPa 

0,05 

0,017 

0,017 

0,10 

0,009 

0,007 

hydrcge  ., 

0,10 

0,33 

0,018 

40  MPa 

0,10 

0,02 

0,017 

Conclusion 


1.  The  mechanical  properties  of  the^L-titanium  IIT-7M  and  EET-3B  alloys 
evaluated  in  the  gaseous  hydrogen  medium  are  reduced  with  hydrogen  pressure 
increase  and  at  P  =  40  MPa  the  mean  reduction  of  the  materials  strength  is 
20%  in  respect  with  the  original  value.  The  ductility  parameters  of  the  al¬ 
loys  in  the  gaseous  hydrogen  mediam  are  less  deduced.  The  increase  of  the 
test  temperature  up  to  300  C  doesn’t  effect  on  the  established  relations 
for  the  ET7-7M  alloy,  while  those  of  the  IIT-3B  alloy  are  slightly  rein¬ 
forced  which  is  induced,  perhaps,  by  the  2-3%  J3»~phase  in  its  structure. 

2.  The  low  cycle  life  time  tests  of  the  both  alloys  in  the  gaseous  hydrogen 
medium  indicate  that  the  hydrogen  effect  appears  only  at  0,6  B  cyclic  load 
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amplitude  range  and  higher:  for  example,  at (5c  =  0,7C>B  the  life  time  to 
failure  of  the  IIT-7M  alloy  by  about  35%  and  ofIIT-3B  alloy  by  about  50%. 

On  thf  fracture  surfaces  of  the  specimens  in  the  HT-3B  alloy  tested  in  the 
hydro jen  under  the  increase  of  the  brittle  constituents,  the  shear  fracture 
and  many  secondary  cracks  are  observed. 

3.  Tie  results  of  the  investigation  allow  to  recomend  the  application  of  the 
©(.-titanium  alloys  as  a  structural  material  for  vessels  and  tanks  to  keep 
the  gaseous  hydrogen. 

Howe'er,  to  provide  a  higher  safety  the  selection  of  the  strength  ratio  as 
a  function  of  stress  values  is  to  be  made  more  carefully  and  with  their  inc- 
reas  ng. 
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HYDROGEN  ASSISTED  STRESS  CRACKING  OF  TITANIUM  ALLOYS 


I.Azkarate,  A. Redo,  A. Del  Barrio. 

1NASMET.  B“  Igara  -  20009  SAN  SEBASTIAN  (SPAIN) 


ABSTRACT 


The  behaviour  of  Titanium  Grades  2,  5  and  12  alloys  under  hydrogen  assisted  stress  cracking 
conditions  has  been  studied  by  means  of  the  slow  strain  rate  technique  Tests  have  been  performed 
in  air  and  synthetic  sea  water  while  hydrogen  was  potenliostatically  produced  on  the  specimen  surface 
during  the  test.  Measurements  of  elongation,  reduction  of  area,  maximum  load  and  true  stress  at 
fracture  as  well  as  metallographic  and  fractographic  studies  have  been  carried  out  in  order  to  assess 
the  loss  of  ductility  of  the  studied  alloys.  Hydride  penetration  and  cracking  with  a  slight  loss  of 
ductility  was  observed  for  Ti  Gr-12  when  the  highest  cathodic  potential  was  applied.  Ti  Gr-5did  show 
a  significant  loss  of  ductility,  but  no  hvdriding  or  cracking  was  detected  The  be'sl  behaviour  against 
hydrogen  assisted  stress  cracking  was  shown  bv  Ti  C.r-2  samples;  although  a  thick  hydride  layer  grew 
on  the  specimen  surface  and  some  lateral  cracking  appeared  when  -1500  mV  (SCE)  polarization  was 
applied  to  the  specimen.  However,  no  loss  of  ductility  was  observed 

KEYWORDS 

Titanium,  cracking,  hydrogen. 

INTRODUCTION 

Titanium  and  its  alloys  are  increasingly  being  used  in  conditions  where  a  high  corrosion  resistance 
is  required.  Moreover,  its  good  mechanical  properties/densily  ratio  make  these  materials  very 
attractive  for  applications  in  which  reduced  weight  is  an  important  consideration  Unalloyed  titanium 
is  successfully  being  used  in  marine  and  certain  chemical  industry  equipments  because  of  its  excellent 
corrosion  resistance  due  to  the  high  stability,  adherency  and  protective  character  of  the  titanium  oxide. 
Titanium  behaves  satisfactorily  as  long  as  the  media  is  oxidizing  or  slightly  reducing.  There  is  a  risk 
of  hydriding  and  embrittlement  if  the  reducing  character  of  the  environment  increases,  (he  titanium 
is  galvanically  coupled  to  some  less  noble  material,  or  some  special  situation  occurs  where  hydrogen 
is  formed  on  the  material  surface 

EXPERIMENTAL 


Hot  rolled  and  annealed  b  mm.  thick  Titanium  Grades  2,  5  and  12  plates  were  studied  in  the  present 
work  Their  chemical  composition  and  mechanical  properties  arc  given  in  Tables  I  and  II. 
Metallographic  samples  were  prepared  and  optically  studied.  Their  microstructure  is  formed  by 
equiaxed  alpha  grains  in  the  case  of  Ti  Gr-2,  slightly  elongated  alpha  grains  with  intergranular  beta 
for  Ti  Cr-5,  and  elongated  alpha  grains  with  intergranular  transformed  beta  for  Ti  Gr-12. 
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Three  mm  diameter  round  transverse  tensile  specimens  were  machined  and  finished  with  600  grade 
emery  paper.  Slow  strain  rate  tests  in  air  and  synthetic  sea  water  were  ,  erformed  at  room  temperature 
in  a  K  &  H  CERT  2000  electromechanical  tensile  testing  machine.  Hydrogen  wascathodically  produced 
on  the  specimen  surface  using  a  Wcnking  LT  78  potentiostat.  The  specimen  was  located  in  a 
methacrylate  cell  together  with  the  reference  (SCE)  and  counter  (graphite)  electrodes.  Three  different 
potentials  were  used:  the  corrosion  potential  -1900  and-1500  mV  (SCE).  Strain  rates  used  were  in  the 
range  of  19"  -  10 7  s '.  All  testing  conditions  are  given  in  Table  111 

Maximum  load,  elongation,  true  stress  at  fracture  and  reduction  of  area  were  the  parameters  measured 
to  assess  the  loss  of  ductility.  In  order  to  quantify  the  hydriding  of  the  alloys  under  different  testing 
conditions,  samples  from  the  specimens'  gauge  lengths  were  analyzed  using  an  automatic  LECO  RH1E 
hydrogen  analyzer. 

RESULTS 


The  results  obtained  in  the  SSRT  tests  arc  summarized  in  Figures  1,  2  and  3  where  maximum  load, 
elongation,  true  stress  at  fracture  and  reduction  of  area  are  plotted  versus  applied  polarization  for  each 
material  and  strain  rate.  Hydrogen  analysis  results  are  summarized  in  Table  IV. 

Ti  Gr-2  has  shown  no  loss  of  ductility  as  a  function  of  the  cathodic  potential  for  any  of  the  strain  rates 
used  (1.5  x  10",  3  x  197,  2.4  x  ID7  s‘),  and  no  clear  trend  in  the  measured  parameters  was  noticed 
(Figure  1).  Hydrogen  analysis  show  that  appreciable  hydriding  does  not  occur  until  the  -1500  mV 
potential  is  applied  to  the  specimen  This  is  in  agreement  with  what  is  observed  in  the  metallographic 
studies  where  no  hydrides  are  detected  until  the  highest  cathodic  polarization  is  used.  In  this  case 
superficial  hydriding  and  some  lateral  secondary  cracks  near  the  surface  arc  present  for  all  the  strain 
rates  used.  Secondary  cracking  is  more  severe,  as  expected,  in  the  specimen  tested  at  the  lower  strain 
rate:  some  of  this  cracks  can  be  observed  in  Figure  4.  Specimen  fracture  surfaces  were  studied  by 
means  of  the  scanning  electron  microscope.  The  fracture  mode  was  ductile  for  all  test  conditions,  even 
when  the  highest  cathodic  potential  was  applied  to  the  specimen  The  fracture  surface  was  primarily 
ductile  and  only  some  minute  brittle  areas  have  been  observed  at  crack  initiation  sites. 

Sensitivity  to  the  hydrogen  assisted  stress  cracking  has  been  more  evident  for  Ti  Gr-12.  It  suffered 
some  loss  of  ductility  mainly  manifested  in  the  reduction  of  area  and  consequently  in  the  true  stress 
at  fracture.  (Figure  2).  As  in  the  case  of  Ti  Gr-2,  metallographic  studies  and  hydrogen  analysis  show 
no  significant  hydriding  until  the  highest  cathodic  potential  is  applied  to  the  specimen.  Figure  5  show 
photomicrographs  of  specimens  tested  at  2  x  l()7  s1  strain  rate.  Considerable  hydriding  with 
significant  diffusion  towards  the  bulk  material  and  extensive  secondary  cracking  along  Ibe  gauge 
length  of  the  specimens  is  seen.  The  fracture  mode  observed  from  SEM  studies  is  ductile  for  all  testing 
conditions  except  when  -1500  mV  (SCE)  polarization  is  used,  in  which  case  a  more  brittle  fracture 
mode  is  detected  at  the  crack  initiation  site  (Figure  6) 

Finally,  Ti  Gr-5  has  been  the  alloy  that  has  sustained  the  greatest  loss  in  ductility  as  manifested  in  the 
values  of  elongation,  reduction  of  area  and  stress  at  fracture  for  specimens  tested  at  the  highest 
cathodic  polarization  (Figure  3).  Unlike  Ti  Gr-2  and  Ti  Gr-12  alloys,  no  hydride  formation  nor 
secondary  cracking  has  been  observed  in  the  metallographic  study,  but  chemical  analysis  show  that 
Ti  Gr-5  specimens  tested  in  the  -1500  mV  polarization  condition  have  also  experienced  significant 
hydrogen  uptake  The  fracture  surface  mode  observed  in  SEM  studies  was  ductile  for  all  test 
conditions,  except  for  the  specimen  polarized  at  1500  mV,  which  revealed  a  large  area  exhibiting  a 
brittle  fracture  mode  (Figure  7). 

DISCUSSION 


The  resistance  of  titanium  grades  2,  5  and  12  to  stress  corrosion  cracking  in  synthetic  sea  water  is 
shown  to  be  excellent  since  no  secondary  cracks  or  losses  in  ductility  have  been  observed  in  tests 
performed  with  differe  d  strain  rates  at  the  corrosion  potential.  When  cathodic  polarization  of  -1.5  V 
is  used  to  produce  hydrogen  on  the  specimen  surface  during  the  test,  the  behaviour  of  the  alloys 
studied  changes. 

In  fact  it  has  been  observed  that  hydrogen  produced  on  the  Ti  Gr-2  specimen  surface  forms  a  hydride 
layer  of  40  ^im  and  also  secondary  cracks  of  up  to  70/tm.  In  Ti  Gr-12,  hydrogen  diffused  into  the 


material  forming  hydrides  to  a  maximum  depth  of  120/(m,  and  secondary  cracks  of  20Qum  have  been 
observed.  On  the  other  hand,  no  hydrides  nor  secondary  cracks  were  detected  in  Ti  Gr-5,  but  chemical 
analysis  show  that  the  hydrogen  content  has  also  increased  for  this  material. 

The  different  behaviour  of  these  alloys  seems  to  be  associated  with  the  different  penetrability  and 
solubility  of  hydrogen  in  each  alloy,  and  can  be  explained  based  on  the  following  considerations:  1. 
The  beta  phase  content  is  negligible  for  Ti  Gr-2,  approximately  3  volume  %  for  Ti  Gr-12  (1),  and  15% 
for  Ti  Gr-5  (2).  2.  The  solubility  of  hydrogen  in  alpha  titanium  increases  from  30-45  ppm  at  room 
temperature  (3, 4)  to  1500  ppm  (6,72  at.%)  at  the  eutectic  (300*0;  at  this  temperature  the  solubility  in 
the  beta  phase  is  13200  ppm  (39  at.%)  (5),  3.  The  diffusivity  of  hydrogen  in  alpha  titanium  is 
considerably  lower  than  in  the  beta  phase.  Phillips  et  a).  (6)  found  that  alpha  titanium's  diffusion 
coeficient  over  the  temperature  range  25  to  100°C  is  given  by: 

D„  =  6  x  10”  x  exp  (-14400  +  800/RT)  cm’  x  s'1 

Which  yields  a  value  of  3.2  x  10  ”  cm’  x  s'1  at  25°C,  too  low  for  any  appreciable  diffusion  to  be 
observed. 

On  the  other  hand,  Holman  et  al.  (7)  determined  the  diffusion  coefficient  in  a  beta  titanium  alloy  over 
the  temperature  range  20  to  500°C  as: 

D„  =  1.58  x  10 1  x  exp  (-5140  +  300/RT)  cm2  x  s1 
Given  a  value  of  3.3  x  10’  cm2  x  s'1  at  25°C,  it  is  10s  times  higher  than  in  the  alpha  phase. 

Therefore  the  superficial  hydride  layer  formed  on  the  Ti  Gr-2  specimen  can  be  explained  by  the  low 
solubility  and  diffusivity  of  hydrogen  in  this  all  alpha  alloy.  In  the  case  of  Ti  Gr-12,  the  small  amount 
of  beta  phase  channels  hydrogen  towards  the  bulk  material  increasing  its  penetration;  but  when 
saturation  of  hydrogen  is  reached,  hydrides  precipitate  in  the  alpha  phase  along  the  grain  boundary. 
This  can  be  seen  in  Figure  8.  Hydrides  precipitate  in  the  alpha  phase  along  the  intergranular  beta 
phase.  Finally,  titanium  Gr-5  has  a  higher  beta  phase  content  that  appears  to  be  enough  to  dissolve 
all  hydrogen  that  has  diffused  into  the  material  without  forming  hydride  precipitates. 

Loss  of  ductility  exhibited  by  Ti  Gr-12  and  Ti  Gr-5  is  likely  to  occur  by  a  different  mechanism  for  each 
alloy.  For  Ti  Gr-12,  the  formation  of  a  brittle  hydrogen  rich  phase  (hydride)  is  responsible  for  the 
cracking  and  loss  of  ductility.  For  Ti  Gr-5,  its  higher  beta  phase  content  admits  more  hydrogen 
entering  the  material  by  interstitial  solid  solution  without  forming  hydrides.  When  hydrogen  content 
reaches  a  certain  level,  lattice  decohesion  occurs  with  a  brittle  rupture. 

•V 

CONCLUSIONS 

-  No  SCC  was  indicated  for  any  Titanium  alloys  tested  in  seawater  at  or  noble  to  a  potential  of  - 1000 
mV. 

-  Hydriding  of  Titanium  Grades  2,  5  and  12  strained  in  sea  water  does  not  occur  when  calhodically 
polarized  at  or  noble  to  potentials  of  -1000  mV  (SCE). 

-  Titanium  Grade  12  suffers  hydride  cracking  and  some  loss  of  ductility  when  slowly  strained  and 
polarized  at  -1500  mV  (SCE). 

-  Titanium  Grade  5  suffers  a  significant  loss  of  ductility  when  slowly  strained  and  polarized  at  -1500 
mV  (SCE). 

-  Titanium  Grade  2  suffers  superficial  hydriding  and  some  cracking  but  no  loss  of  ductility  when 
cathodically  polarized  al  -1500  mV. 

-  Beta  phase  content  appears  play  a  fundamental  role  in  the  hydriding  and  loss  of  ductility  of 
titanium  alloys  while  strained  and  cathodically  polarized 
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Table  I.  Chemical  composition  of  materials  tested  (Weight  %) 


Alloy 

Element 

N 

C 

H 

Fe 

O 

A1 

V 

Mo 

Ni 

Ti 

Ti  Gr-2 

0.0032 

0.005 

0.0030 

0.048 

0.126 

- 

- 

- 

- 

Bal 

Ti  Gr-5 

0.011 

0.020 

0.0083 

0.18 

0.144 

6.4 

3.8 

- 

- 

Bal 

Ti  Cr-12 

0.017 

0.010 

0.0021 

0.11 

nm 

- 

- 

026 

0.66 

Bal 

Table  II.  Tensile  properties  of  materials  tested  (transverse) 


Alloy 

Y.S.  0.2% 

U.T.S. 

E 

(MPa) 

(MPa) 

(%) 

Ti  Gr-2 

430 

499 

31 

Ti  Gr-5 

988 

1030 

12.6 

Ti  Gr-12 

484 

587 

20 

Table  III.  Slow  Strain  Rate  Tests  conditions 


Environment: 

Air 

Sea  water  (ASTM  D-1141) 

Temperature: 

25“C 

Potentials: 

Corrosion  Potential,  -1000  and  -1500  mV  (SCE) 

Strain  rates: 

15  x  10*,  3  x  107,  2.4  x  107  s'1  (Ti  Gr-2) 

3  x  107,  2  x  107  s'1  (Ti  Gr-5  and  12) 

Table  IV.  Total  hydrogen  content  of  specimens  tested. 


Alloy 

Impressed  Potential 

Hydrogen  content  (ppm) 

Ti  Gr-2 

None 

20 

-1000  mV 

39 

-1500  mV 

232 

Ti  Gr-12 

None 

23 

-1000  mV 

60 

-1500  mV 

320  | 

Ti  Cr-5 

None 

69 

-1000  mV 

104  t 

-1500  mV 

253 

2,056 


Fig. 6.  SEM  micrograph  of  the  fracture  surface  of  Ti  Gr-12  tested 
at  2  x  107  s"1  strain  rate  with  -1500  mV  (SCE)  cathodic 
polarization  showing  brittle  fracture  mode. 


Fig. 7.  SEM  micrograph  of  the  fracture  surface  of  TI  Gr-5  specimen 
tested  at  2  x  10' 7  s_1  strain  rate  with  -1500  mV  (SCE) 
cathodic  polarization  showing  a  brittle  mode 
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Fig. 8.  Back scattered  electron  image  of  Ti  Gr-12  specimen  tested 
with  -1500  mV  (SCE)  cathodic  polarization  showing  hydride 
precipitates  (dark)  ocurnng  in  the  alpha  phase  (grey) 
along  the  intergranular  beta  (bright) 
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Abstract 

Small  displacement  amplitude  friction  tests  were  used  to  analyse  the  change  in 
properties  of  several  titanium  alloys  submitted  to  contact  loading  in  air. 
Superficial  layers  of  the  alloys  have  been  characterized  by  optical  and  scanning 
electron  microscopy.  Depending  on  the  amplitude  of  the  displacement,  partial  slip 
or  gross  slip  occurcd  in  the  interface.  During  partial  slip,  cracks  initiated  and 
propagated.  Mechanisms  for  crack  behaviour  arc  described  in  terms  of  fatigue 
properties.  Gross  slip  led  to  debris  formation.  A  new  structure  called  Tribologically 
Transformed  Structure  (TTS)  was  detected  in  the  superficial  layers.  The  debris 
particles  generated  from  the  transformed  areas  and  were  quickly  oxidized  once  in 
the  interface.  The  influence  of  several  test  parameters  on  the  thickness  of  the  TTS 
was  analysed.  The  role  of  the  TTS  on  the  wear  behaviour  and  the  influence  of 
various  properties  of  the  titanium  alloys  arc  discussed. 


Introduction 

When  surfaces  arc  in  contact,  very  damaging  phenomena  occur  if  oscillatory 

displacements  of  small  amplitude  arc  imposed.  Fretting  wear  resulting  from  these 
displacements  has  been  observed  for  many  years  (1-3)  and  two  main  damages 

have  been  described  for  numerous  metals  and  alloys:  cracking  and  particle 

detachment  (4,5).  These  two  mechanisms  arc  strongly  dependent  on  the  friction 
conditions:  so  far,  the  role  of  two  parameters  has  been  emphasized:  the  normal 
load  acting  on  the  samples  and  the  imposed  displacement  (4,6).  When  the  normal 
load  (respectively  the  imposed  displacement)  is  decreasing  (respectively 
increasing),  the  main  damages  observed  on  the  samples  are  progressively 
changing  from  cracking  to  detachment  of  particles.  This  has  been  described  using 

the  concept  of  fretting  map  recently  proposed  (6,7):  material  response  fretting 
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map  (MRFM)  (6)  have  been  defined  to  represent  the  various  damages  (Non 
Degradation:  ND,  Cracking:  C,  Particle  Detachment:  PD)  observed  as  a  function  of 
the  test  parameters  (Normal  load  -nd  amplitude  of  displacement). 

Cracking  and  particle  detachment  have  been  observed  on  titanium  alloys  which 
are  often  used  in  applications  involving  fretting  problems.  Their  possible  role  on 
decrease  of  fatigue  strength  and  fatigue  life  has  been  previously  studied  (8-11). 
The  mechanism  of  detachment  of  particles  has  been  carefully  analysed  (12).  It  has 
been  shown  that  a  tribological  transformed  structure  (TTS)  is  achieved  in  the 
superficial  layers  of  sample  during  fretting  tests.  The  TTS  is  very  hard  and  is  made 
of  ultrafinc  equiaxed  grains  of  a -phase.  It  is  not  oxidized.  Particles  are  detached 
from  the  TTS  in  which  numerous  cracks  have  been  observed. 

In  this  paper,  we  present  new  results  relating  to  the  TTS  and  the  cracking 
mechanisms.  Relations  between  damages  and  material  properties  are  investigated. 

Experimental 

Fretting  tests  were  conducted  using  a  tension  compression  hydraulic  machine 
where  reciprocating  movement  of  a  given  amplitude  was  imposed  to  one  sample 
(4).  The  normal  load  was  applied  to  the  other  one.  The  experimental  conditions 
were  : 

normal  load:  from  300  to  500  N 
amplitude  displacement:  from  ±-15  to  ±-50  pm 
frequency  =  1  Hz 

Tests  were  done  in  air  at  room  temperature.  Test  samples  were  10x10x10  mm^ 
parallelepipeds.  Curved  samples  (sphere  of  radius  R  =  0.5  m)  on  nearly  flat  (R  =  30 
m)  contacts  were  used,  giving  contact  area  of  about  1  mm  large.  The  surfaces  were 
polished  with  diamond  paste  (3  pm)  and  alumina  (0.5  pm)  and  cleaned  with  ethanol 
before  testing.  Materials  were  a+p-Ti6AI4V  (hot  forged),  Til5V3AI3Cr3Sn  (called 
TV15CA),  a+|3-Ti6AI5Zr  and  a+f)-TiSA14Cr  titanium  alloys  slid  against  themselves. 
TV15CA  alloy  was  used  with  two  different  stuclures  a  and  p.  After  testing,  the 
samples  were  cut  (cross  sectional  cut  parallel  to  the  sliding  direction)  and  polished 
for  optical  and  electron  microscopy.  The  different  phases  were  revealed  by 
etching  with  (H2O  +  1%  (HNO3-HF))  reagent. 

Results  and  discussion 


Ci-asking 

When  the  actual  displacement  at  the  interface  is  small  (imposed  displacement 
smaller  than  25  pm  in  our  tests  for  titanium  alloys),  sticking  can  be  achieved  in 

the  center  of  the  contact  area  In  this  case,  cracks  arc  observed  at  the  location  of 

the  maximum  tensile  stresses.  This  has  been  widely  studied  for  aluminium  alloys 

(6)  where  cracks  arc  easily  produced  as  soon  as  Hertzian  contact  pressure  is  equal 

to  80  MPa. 

In  the  case  of  hot-forged  Ti6A!4V  alloy,  Hertzian  pressure  leading  to  cracks 
initiation  and  propagation  has  to  be  greater  than  280  MPa.  Below  this  value,  no 

degradation  of  the  surfaces  is  seen  in  the  optical  microscope  (Non  Degradation 

domain  of  the  MRFM).  But  cracks  can  be  detected  for  lower  contact  pressure  (110 
MPa)  if  the  Ti6A14V  alloy  has  been  heat  treated  in  order  to  decrease  the  endurance 
limit  from  600  to  300  MPa.  An  example  of  100  pm  long  cracks  observed  on  heat 
treated  Ti6AI4V  is  shown  in  figure  1.  These  results  on  Ti6A!4V  and  the  comparison 
with  the  case  of  aluminium  alloys  (6)  reveal  that  a  major  parameter  for  crack 

initiation  and  propagation  is  the  endurance  limit  od  :  the  stresses  due  to  contact 

(i.c,  stresses  oXx  due  to  the  normal  and  the  tangential  forces)  have  to  be  greater 
than  od  for  cracks  to  initiate.  This  shows  that  the  classical  fatigue  approach  can  be 
very  useful  to  analyse  fretting  fatigue. 


Figure  1-  Cross  section  view  of  cracks  in  heal  treated  Ti6AI4V  alloy  (fretting 
conditions:  P  =  1 10  MPa.  D  =  i-25  pm.  50000  cycles) 

Particle _ detachment 

When  sliding  occurs  in  the  interface.  TTS  is  observed  in  the  superficial  layers  as 
shown  in  figure  2  (n  TVI5CA)  The  TTS  has  been  detected  on  all  kind  of  titanium 
alloys  (12)  and  also  on  other  materials  (5).  It  is  always  very  hard  (more  than  1000 
HV50)  and  made  of  the  most  stable  phase  (a -phase  for  Ti  alloys),  whatever  the 
initial  structure 


Figure  2  -  Optical  view  (cross  section  view)  of  the  superficial  layer 
of  a  TVI5CA  alloy  <±-50  pm.  50000  cycles) 
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The  thickness  of  the  TTS  depends  on  the  alloy  and  on  friction  parameters.  The 
variation  of  the  thickness  is  given  as  a  function  of  the  number  of  cycles  on  figure 
3  and  as  a  function  of  the  amplitude  of  displacement  on  figure  4  (on  this  figure, 
the  actual  displacement  is  equal  to  the  imposed  displacement  minus  the 
displacement  corresponding  to  clastic  deformation  of  the  device).  A  maximum 
value  of  the  thickness  was  observed  for  each  alloy.  It  was  obtained  very  quickly 
(less  than  1000  cycles)  and  as  soon  as  the  actual  displacement  was  equal  to  SO  pm  . 
The  same  TTS  has  been  observed  for  the  various  titanium  alloys  (12).  Nevertheless, 
the  properties  of  the  alloys  can  be  used  to  discuss  about  some  TTS  characteristics. 
The  formation  of  the  TTS  (transformation  from  p  to  a  phase  and  formation  of 
ultrafinc  grains)  has  been  explained  by  deformation  induced  mechanisms  and  is 
not  related  to  increase  of  temperature  (12). 
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Figure  3  -  Variation  of  the  thickness  of  the  TTS  versus  number  of  cycles 
amplitude  =  £50  pm 

The  formation  of  TTS  is  much  more  difficult  for  p  alloys  and  figure  5  shows  that  for 
a  or  a+p  alloys,  the  thickness  of  the  TTS  can  be  correlated  with  the  temperature  of 
the  p-transus'  the  higher  the  P-transus  temperature,  the  thinner  the  TTS.  This 
reveals  that  the  formation  of  the  TTS  is  easier  when  the  energy  of 
recrystallization  is  lower 

For  a  given  alloy,  the  thickness  of  the  TTS  docs  not  depend  on  the  size  of  the  initial 
grains:  tests  performed  with  quenched  and  tempered  Ti6AI4V  alloy  (acicular  small 
grains)  gave  the  same  thickness  than  the  hot-forged  Ti6AI4V  alloy  with  bigger 
grains. 

But  this  size  influences  the  shape  of  the  boundary  between  the  TTS  and  the  initial 
material  If  the  initial  grains  arc  very  small  (a-TV15CA),  the  boundary  appears 
straight  in  the  optical  microscope  (figure  2).  On  the  contrary,  for  hot  forged 
Ti6AI4V,  the  boundary  of  the  TTS  follows  that  of  the  initial  grains  and  appears  as  a 
broken  line:  this  can  be  explained  by  the  fact  that  the  transformation  depends  on 
the  crystallographical  orientation  of  the  initial  grains. 

The  shape  of  the  boundary  may  influence  the  possible  initiation  of  cracks  in  the 
bulk  material  (notch  effect)  and  can  thus  change  the  friction  behaviour 
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Figure  4  -  Variation  of  the  thickness  of  the  TTS  versus 
amplitude  of  displacement 


Figure  5  -  Variation  of  the  th'rknrij  of  the  TTS  versus  the  |3-transus 
temperature  for  various  a  and  a<-|}  alloys  (±-50  pm,  50000  cycles) 


The  thickness  of  the  TTS  is  also  a  major  parameter  for  the  friction  behaviour 
because  it  determines  the  thickness  of  the  third  body  layer  in  the  interface. 
Indeed,  particles  are  detached  only  from  TTS.  Numerous  cracks  were  observed  in 
the  TTS.  These  cracks  initiated  always  from  the  surface  and  propagated  inside  TTS 
or  at  the  interface  TTS/  initial  material  as  seen  on  figure  6. 

Cracks  were  seen  as  soon  as  after  100  cycles  and  led  to  the  detachment  of  big 
particles  (figure  7).  These  particles  were  crushed  and  oxidized  in  the  contact  area 
to  give  the  third  body  layer.  This  third  body  was  highly  adherent  to  surfaces  and 
shear  occured  in  it. 
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Figure  6  -  Optical  view  of  cracks  in  the  TTS  on  a  TVI5CA  alloy 
(±•50  urn.  5(KKK)  cycles) 


Figure  7  -  Optical  view  of  big  debris  particles  detached  from 
ihc  TTS  on  a  TV15CA  alloy  (150  pm.  1000  cycles) 

For  Ti6AI4V  or  n  TVI5CA  alloys,  the  TTS  was  thick  and  so  was  the  debris  layer 
Thus,  stresses  transmitted  to  the  bulk  were  lowered,  the  material  was  protected  and 
no  more  damage  occur  in  the  bulk  alloy  On  the  contrary,  il  the  layer  was  too  thin, 
c  g  lor  3  TV15CA.  cracks  initiated  and  propagated  below  the  TTS  because  the 
tangential  stresses  transmitted  to  the  surface  through  the  debris  layer  remained 

higher  than  rrj 

In  order  to  choose  an  alloy  for  a  fretting  application,  this  study  shows  that 

material  response  fretting  maps  (MRFM)  can  provide  valuable  informations 
(figure  8).  If  particle  detachment  occurs  (i  e  if  samples  are  tested  with  friction 
conditions  corresponding  to  the  I’D  donum  of  the  material  response  fretting  mapi, 

properties  of  the  initial  alloy  such  as  KIC  arc  not  very  useful  since  Ihc  same  new 

structure,  the  TTS.  is  always  detected,  whatever  the  initial  alloy.  Nevertheless,  the 
thickness  of  the  TTS  depends  on  the  alloy  It  can  be  scry  thin  and  this  gives  small 
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amount  of  detached  particles.  In  the  MRFM,  this  case  corresponds  to  the  shaded 
area  of  the  PD  domain  near  the  C  domain.  In  this  area,  chances  for  cracks 

initiation  are  not  equal  to  zero,  Consequently,  the  use  of  an  alloy  giving  thick  TTS 

is  recommended  if  friction  conditions  are  such  that  the  working  point  of  the  alloy 
is  located  in  the  shaded  domain.  When  fretting  conditions  are  such  that  the  alloys 

are  tested  in  C  or  ND  domain  of  the  MRFM,  then  fatigue  properties  are  a  useful 

guideline  for  the  choice. 


Figure  8  •  Material  Response  Fretting  Map  (MRFM)  for  titanium  alloys: 
ND  =  no  degradation.  C  =  cracking,  PD  =  panicle  detachment. 


Conclusion 

Fretting  wear  behaviour  of  various  titanium  alloys  has  been  presented.  Two  main 
kinds  of  damage  have  been  observed: 

-  cracking  when  partial  sticking  is  achieved  in  the  contact  area 

-  particle  detachment  if  gross  sliding  takes  place. 

This  has  been  represented  using  material  response  fretting  map  where  the 
damage  domains  arc  given  as  a  function  of  the  test  parameters. 

Cracking  can  be  related  to  classical  fatigue  studies.  Particularly,  the  endurance 
limit  od  determines  the  possibility  for  cracks  to  initiate  and  propagate. 

Particle  detachment  occurs  after  the  transformation  of  the  superticial  layer  to 
form  the  TTS.  The  thickness  and  shape  of  this  TTS  depends  on: 

.  the  fretting  test  conditions  (number  of  cycles,  amplitude  of  displacement) 

.  the  initial  structure  of  the  alloy 

.  the  p-transus  temperature 

.  the  size  and  orientation  of  the  initial  grains. 

To  understand  completely  the  particle  detachment  process  and  thus  the  friction 
behaviour  after  this  detachment,  we  would  now  have  to  analyse  the  properties  of 
the  TTS  itself 
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Abstract 

Unalloyed  titanium  is  being  widely  used  in  machinery  and  piping  for  applications  involving 
large,  thick  components  and  the  seawater  environment.  It  has  been  shown  that  oxygen  has  a 
strong  effect  on  the  resistance  of  most  titanium  products,  including  unalloyed  titanium,  to 
environmental  cracking,  and  strong  effects  on  the  mechanical  properties,  as  well.  In  evaluating 
the  suitability  of  materials  for  service  in  particular  environments,  it  is  important  to  consider  the 
entire  gamut  of  properties  of  candidate  materials.  This  paper  reports  the  result  of  experimental 
determinations  of  the  stress  corrosion  cracking  performance  of  unalloyed  titanium  with  oxygen 
content  varying  between  0. 10  and  0.26  weight  percent,  with  two  levels  of  iron,  0.06  percent  and 
0.18  percent.  These  properties  were  measured  using  wedge-opening  loaded  specimens  in  static 
load  frames.  To  assist  in  understanding  the  SCC  data,  values  of  Jfc  were  determined  in  standard 
specimens;  this  helped  establish  the  distinction  between  environmental  crack  growth  and 
mechanically-driven  crack  growth. 
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Introduction 


Unalloyed  titanium  is  used  in  many  commercial  and  other  applications  where  the  three  necessary 
conditions  for  potential  stress  corrosion  cracking  (SCC)  are  present:  tensile  stresses,  small 
defects  due  to  fabrication,  and  aqueous  environments.  Oxygen  is  the  principal  addition  to 
unalloyed  titanium  in  order  to  increase  the  strength.  Oxygen  additions,  however,  also  decrease 
the  fracture  toughness  and  the  resistance  to  SCC  at  the  same  time.  Iron  which  can  be  present  in 
tramp  amounts  or  can  be  added  intentionally  for  strength  or  producibility,  also  is  thought  to  affect 
these  properties.  The  existing  body  of  information  to  quantify  these  effects  is  sparse  (1,2);  the 
purpose  of  this  work  was  to  systematically  investigate  the  mechanical  properties  and 
environmental  cracking  resistance  of  unalloyed  titanium  to  provide  such  information. 

Materials  and  Procedures 

The  materials  for  this  investigation  were  ten  rolled  plates  of  unalloyed  titanium.  25  mm  thick. 
The  nominal  jxygen  contents  were  0.10,  0.13,  0.17,  0.20  and  0.26  weight  percent,  and  a 
sample  of  each  oxygen  content  was  produced  having  nominal  iron  content  of  0.06  and  0.17 
percent.  The  plates  were  produced  as  small  double-melted  45  kg  laboratory  heats  by  TIMET, 
and  were  rolled  unidirectionally  to  final  thickness.  The  materials  were  arbitrarily  assigned  a  letter 
code,  as  is  shown  in  Table  I.  Microstructures  of  all  the  plates  are  shown  in  figure  I.  A  distinct 
trend  for  t.ie  grain  size  to  decrease  with  increasing  oxygen  is  apparent,  as  is  a  tendency  for  those 
samp'es  -with  higher  iron  content  to  have  smaller  grains  than  their  counterpans  with  the  same 
nominal  oxygen  content  and  lower  iron.  Standard  (ensile,  fracture  toughness  ,  and  SCC  tests 
were  conducted  for  each  plate.  Results  of  the  tensile  tests,  along  with  the  ingot  chemistries,  are 
given  in  Table  1.  Fracture  resistance  tests  utilizing  the  J-Integral  method  were  also  conducted  for 
each  sample  of  material  with  a  standard  1  -T  compact  tension  specimen  oriented  in  the  TL 
direction,  i.e..  the  orientation  such  that  crack  propagation  is  expected  in  a  plane  parallel  to  the 
rolling  direction  and  perpendicular  to  the  plate  surface.  Unloading  compliance  techniques  were 
used  for  detection  of  crack  growth,  and  values  of  J  were  computed  by  the  method  outlined  in 
reference  (3). 

Stress  corrosion  cracking  tests  to  determine  the  threshold  stress  intensity  for  SCC  (K|$cc).  using 
wedge-opcnmg-loaded  (WOL)  specimens  were  carried  out  tor  each  material  in  the  TL 
orientation.  Pin-loaded  WOL  specimens  were  loaded  in  static  load  frames  using  a  3.5%  NaCI  in 
distilled  water  solution  as  the  environment. 


100  Mm 


Figure  1  -  Microstructures  of  ten  samples  of  unalloyed  titanium.  The  samples 
were  all  rolled  to  25  mm  plate  in  a  single  direction. 
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Measurements  of  time,  applied  load  and  crack-mouth-opening  were  recorded  by  a  system 
utilizing  a  personal  computer,  so  that  the  onset  of  crack  growth  could  be  easily  identified  and 
crack-growth  rate  data  could  be  easily  computed.  The  minimum  exposure  time  was  150  hours, 
and  most  tests  ran  for  more  than  180  hours.  In  these  tests,  bracketing  techniques  (between 
points  of  no  crack  growth  and  crack  growth)  were  used  to  define  the  threshold  stress  intensity 
for  SCO.  When  SCC  was  found  to  be  present,  the  value  was  noted  Kiscc;  when  no  crack 
growth  was  associated  with  the  test,  the  threshold  value  was  noted  as  Ksw-  To  obtain  as  much 
data  as  possible  from  each  specimen,  the  fatigue  crack  was  extended  into  undamaged  material 
following  each  load  exposure,  so  that  as  many  as  seven  experiments  could  be  run  with  a  single 
specimen.  Computations  of  K  for  these  specimens  were  made  on  the  basis  of  crack  lengths 
measured  after  the  specimen  was  broken  and  loads  recorded  by  the  load  cell  during  the  test.  In 
pin-loaded  specimens,  the  stress  intensity  field  increases  slightly  with  crack  extension;  this  is  in 
contrast  to  cantilever  bend  specimens  where  K  increases  very  rapidly  with  crack  extension.  In 
materials  where  SCC  was  present,  the  maximum  load  prior  to  crack  growth  was  used  to  compute 
K  for  bracketing  purposes.  Many  samples  did  not  exhibit  SCC  and  were  very  ductile. 
Successive  loadings  to  higher  K  values,  which  is  a  normal  part  of  the  test,  only  caused  more 
extensive  yielding,  crack  blunting,  etc.,  as  would  be  expected.  Under  such  circumstances,  the  K 
term  has  little  meaning.  For  this  reason,  the  point  of  deviation  from  linearity  on  the  load- 
i  displacement  diagram  was  taken  as  the  load  value  for  computing  K  when  there  was  no  crack 
growth. 

Additional  experiments  were  conducted  with  bolt-loaded  WOL  specimens;  in  these  specimens  the 
K  gradient  decreases  rapidiy  with  crack  extension.  A  single  specimen  of  each  material,  cut  in  the 
TL  orientation,  was  loaded  to  an  applied  K  at  least  10  MPa  •/ m  above  the  Kiscc  or  Ksw  value. 
The  test  duration  was  500  hours;  and  a  computer-based  data  acquisition  system  was  used  to 
record  load  readings  from  instrumented  bolts  during  the  tests.  Values  of  Ksw  and  Kiscc  were 
computed  from  measured  values  of  final  crack  lengths  and  loads.  Experiments  were  conducted 
even  when  gross  yielding  was  expected  at  the  initial  loading,  on  the  premise  that  environmental 
effects  which  might  take  place  at  such  extreme  conditions  could  be  missed  in  other  tests. 

Results 


Results  of  the  mechanical  property  tests  and  the  SCC  tests  are  summarized  in  Table  1  below: 

Table  I.  Properties  of  Unalloyed  Titanium 

PIN  BOLT 

CODE 

OXYGEN 

IRON 

YS 

UTS 

EL 

Ksw 

Ksw 

(%) 

m 

(MPa) 

(MPa) 

(%> 

(MPa  •/ m) 

(MPa  V  m) 

A 

0.097 

0.062 

263 

392 

45 

77* 

36* 

B 

0.095 

0.170 

287 

410 

45 

86* 

43* 

C 

0.134 

0.058 

326 

443 

42 

82* 

40* 

D 

0.128 

0.170 

346 

463 

44 

93* 

48* 

E 

0.186 

0.061 

417 

524 

35 

84* 

58* 

F 

0.164 

0.171 

393 

518 

34 

90* 

56* 

G 

0.200 

0.072 

435 

561 

30 

65 

62 

H 

0.192 

0.182 

455 

549 

27 

75 

61 

I 

0.259 

0.072 

460 

579 

29 

47 

57 

J 

0.265 

0.188 

467 

621 

29 

53 

47 

*  No  SCC  crack  growth 

Effects  of  oxygen  content  on  the  mechanical  properties  of  the  samples  of  unalloyed  titanium  were 
quite  pronounced  on  both  yield  strength  and  ultimate  tensile  strength,  while  the  effects  of  the  iron 
content  were  more  subde.  As  expected,  both  yield  and  ultimate  strength  values  increased  sharply 
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with  increasing  oxygen  (figure  2).  There  was  a  consistent  trend  for  the  yield  strength  in  the 
direction  transverse  to  rolling  to  be  higher  than  yield  strength  measured  in  the  direction  parallel  to 
rolling,  but  the  ultimate  strengths  were  the  same  for  both  orientations.  Values  of  yield  strength 
for  materials  having  high  iron  were  slightly  higher  than  their  counterparts  for  materials  having 
low  iron  and  the  same  oxygen  content.  The  difference  was  slight,  and  there  is  some  room  for 
doubt  that  it  is  statistically  significant. 


OXYGEN  CONTENT (*) 


Figure  2  -  Effect  of  oxygen  and  iron  content  on  the  yield  strength  of  unalloyed  titanium. 

Fracture  test  results  showed  little  or  no  dependence  of  Jlc  (or  Kj,  the  value  of  stress  intensity 
computed  from  Jjc)  on  either  oxygen  content  or  on  tensile  properties.  It  is  noted  that  the 
materials  were  extraordinarily  ductile,  and  in  some  cases  there  was  no  crack  growth.  Valid  Jlc 
numbers  could  not  be  computed  for  most  of  the  specimens  because  of  the  lack  of  crack  growth; 
in  addition,  the  specimens  failed  the  crack  front  straightness  criteria.  Tests  were  usually 
terminated  because  the  displacement  gages  reached  the  end  of  their  travel.  Values  are  reported  in 
terms  of  Kj  to  facilitate  comparison  with  SCC  data;  these  should  be  considered  "lower  bound" 
values  and  used  only  to  observe  trends,  rather  than  as  absolute  values.  The  values  shown  here 
grossly  underestimate  the  resistance  of  the  materials  to  crack  extension  from  purely  mechanical 
causes.  There  were  two  exceptions,  both  at  the  highest  values  of  oxygen  (>0.19%)  in  the  high 
iron  content  materials.  Sample  J,  which  was  earlier  described  as  having  a  different 
microstructure  than  the  others,  failed  in  a  brittle  manner,  with  a  valid  Kjc  value  of  38  MPa  / m 
(35  ksi  /in.).  It  is  noted  that  the  tensile  ductility  in  this  material  was  reasonably  high.  The 
fracture  test  specimen  of  sample  H  exhibited  crack  growth  of  sufficient  length  that  a  J-R  curve 
could  be  constructed,  but  the  specimen  failed  the  crack  front  straightness  test,  since  there  was 
extreme  tunnelling  of  the  crack  front. 

Results  of  SCC  tests  using  pin-loaded  WOL  specimens  showed  that  the  materials  having  nominal 
oxygen  contents  greater  than  0. 19%  had  some  degree  of  sensitivity  to  SCC;  these  were  materials 
coded  G,H,I,  and  J  in  Table  1.  The  remaining  materials  were  immune  to  SCC.  Values  of  Kiscc 
and  Ksw  are  plotted  vs  oxygen  content  in  figure  3.  Note  in  figure  3  that,  with  decreasing 
oxygen,  the  values  of  K$w  measured  in  pin-loaded  specimens  reach  a  peak  and  then  decrease. 
This  because  the  failure  point  is  determined  by  plastic  flow  rather  than  by  environmental 
effects  '  as  the  oxygen  content  decreases,  the  yield  strength  also  decreases.  Samples  having 
high  iron  content  consistently  have  higher  Ksw  values  than  those  with  lower  iron. 
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Figure  3  -  Variation  of  KSw  and  Kiscc  with  oxygen  content.  Note  that  the  samples  having 
higher  iron  content  have  slightly  higher  values  of  Kiscc  than  their  counterparts. 
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Figure  4  -  Fractographs  of  the  materials  showing  evidence  of  SCC. 


In  the  sensitive  materials,  the  crack  growth  was  very  rapid.  The  microcracking  mode  is  shown 
in  the  photomontage  of  figure  4.  The  specimen  of  material  J,  which  had  high  iron  and  0.26% 
oxygen,  broke  in  a  brittle  manner  after  a  small  increment  of  crack  growth.  Specimens  of  the 
other  three  materials  exhibited  small  increments  of  crack  growth,  which  were  arrested  in  a  short 
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time.  In  alloys  G,  H,  and  I,  the  fractures  were  characteristically  very  flat  facets  (quasi-cleavage) 
inclined  at  different  angles,  separated  by  regions  of  ductile  fracture  (fluting).  This  behavior  was 
noticed  in  earlier  work  involving  cast  unalloyed  titanium  (2).  This  supports  the  concept  that  the 
SCC  cracks  propagate  in  these  alloys  by  the  formation  of  the  quasi-cleavage  facets,  while  the 
macroscopic  crack  growth  rate  is  controlled  by  the  ductile  failure  of  material  separating  the  facets. 
Therefore,  even  though  the  K  gradient  is  positive  in  the  pin-loaded  WOL  specimens,  there  was 
insufficient  energy  to  drive  the  cracks  after  crack  growth  began  in  these  three  samples.  This  is 
because  the  crack  fronts  were  probably  quite  diffuse  rather  than  being  a  single  straight  front  as  is 
modeled  by  mechanics.  In  specimens  loaded  such  that  the  K  gradient  is  much  steeper,  i.e., 
cantilever  specimens,  the  specimens  would  fail  at  the  first  small  increment  of  crack  growth,  and 
the  measured  values  of  Kiscc  would  probably  be  slightly  lower.  Sample  J  was  different  in  that 
the  fracture  toughness  was  distinctly  lower  than  in  the  other  materials,  and  after  a  small  increment 
of  SCC  crack  growth,  the  specimen  fractured  completely.  The  fracture  face  of  the  SCC 
specimen  consisted  of  a  small  area  fraction  of  quasi-cleavage  and  more  in-plane  ductile  fracture 
than  was  observed  in  the  other  specimens. 

Values  of  Kiscc  determined  with  pin-loaded  specimens  are  compared  to  values  determined  with 
bolt-loaded  WOL  specimens  and  values  of  Kj,  as  a  fraction  of  oxygen  content  in  figure  5.  The 
data  trends  show  that  both  types  of  WOL  specimen  give  identical  values  of  Kiscc,  within 
experimental  scatter,  when  the  materials  are  sensitive  to  SCC.  When  there  is  no  SCC,  the  much 
lower  values  of  apparent  Kiscc  arc  measured  with  bolt  loaded  specimens.  Values  of  Kj  are  much 
higher  than  either  of  these,  except  for  the  one  point  which  was  a  valid  K]c  value.  These 
observations  are  a  function  of  the  time  at  load,  i.e.,  the  time  available  for  plastic  flow  at  the  crack 
tip  to  allow  load  relaxation.  Experiments  with  materials  having  higher  values  of  strength  and 
lower  fracture  toughness  would  probably  cause  all  of  these  values  to  become  nearly  coincident. 
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Figure  5  -  Comparison  of  the  SCC  and  fracture  properties  of  unalloyed  titanium  materials 
with  oxygen  content. 


The  same  data  are  presented  as  a  function  of  yield  strength  in  figure  6,  and  show  the  same 
general  trends.  In  figure  6,  the  two  lines  divide  the  chart  into  regions  where  crack  growth  would 
occur  under  elastic  conditions  (labelled  "PLANE  STRAIN")  and  where  plastic  deformation  is 
expected  prior  to  crack  growth  (labelled  "PLASTIC"),  and  a  transition  region  between.  The 
values  of  KiSCc  that  fall  in  either  the  transition  or  plane  strain  region  can  be  analyzed  by  fracture 
mechanics;  those  that  fall  in  the  plastic  region  are  not  amenable  to  analysis  by  linear  elastic 
methods.  The  ratio  lines  represent  K/YS  of  0.145  for  the  lower  bound  and  0.10  for  the  upper 
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bound,  using  the  metric  scales  shown  here.  The  origin  of  the  upper  limit  is  Hahn  and 
Rosenfield’s  (4,5 )  work  which  showed  that  at  this  ratio  of  K/YS  for  25  mm  thick  material,  a  flat 
plate  containing  a  through-thickness  flaw  would  require  yield  level  loading  for  crack  extension. 
Data  measured  with  bolt-loaded  specimens  without  any  SCC  approximate  that  line  very  closely, 
which  supports  the  contention  that  the  differences  between  the  three  values  of  stress-intensity  are 
time-dependent.  Furthermore,  the  effects  of  strain  rate  on  fracture  resistance  are  such  that  K 
increases  with  increasing  strain  rate;  conversely,  unalloyed  titanium  is  very  much  subject  to  creep 
deformation. 
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Figure  6  -  Variation  of  Ksw  and  KiSCc  measured  with  pin-loaded-  and  with  bolt-loaded-WOL 

specimens  with  yield  strength.  Only  the  four  points  at  the  highest  strengths  had  SCC. 
Also  shown  are  lower  bound  values  of  Jlc  measured  using  25  mm  thick  specimens. 

Samples  of  alloys  I  and  J  oriented  in  the  LT  direction,  i.e.,  with  the  crack  propagation 
perpendicular  to  the  rolling  direction  were  tested  in  the  pin-loaded  configuration.  Very  little  crack 
propagation  was  noted  in  alloy  J  when  it  was  loaded  above  the  Kiscc  determined  in  the  TL 
orientation.  Cracks  propagated  out  of  plane  in  alloy  I  at  values  of  applied  initial  K  roughly 
corresponding  to  Ki^c,  and  quickly  arrested. 

Data  concerning  the  effects  of  oxygen  content  on  SCC  of  unalloyed  titanium  taken  in  this  work 
are  compared  to  the  existing  data  taken  from  the  literature  in  figure  7;  both  rolled  plate  and  cast 
materials  are  considered.  The  data  form  a  continuum  showing  dial  the  critical  oxygen  content  is 
0.19  weight  percent.  Reference  2  is  earlier  work  performed  by  the  authors  with  mostly  cast 
materials  using  the  same  experimental  equipment  and  techniques.  The  data  of  reference  1  were 
taken  with  12  mm  thick  specimens;  hence  the  point  at  0.12  %  oxygen  is  below  the  other  points 
because  of  differences  in  constraint  to  crack  tip  plastic  flow  in  specimens  of  different 
thicknesses. 

Summary 

Experimental  determinations  of  the  susceptibility  of  unalloyed  titanium  to  SCC  in  salt  water 
resulted  in  the  following  conclusions; 

•  Alloys  having  oxygen  content  of  0.19  weight  percent  or  higher  are  sensitive  to  SCC  while 
those  with  lower  oxygen  are  immune. 

•  Oxygen  content  has  a  strong  effect  on  the  strength  properties  of  unalloyed  titanium,  while 
small  variations  in  iron  content  have  a  very  small  effect. 


•  Apparent  insensitivity  of  fracture  properties,  measured  in  terms  of  J  Integral  parameters,  to 
oxygen  content  is  an  artifact  of  the  specimen  size  relative  to  the  ductility  of  the  material;  the 
small  specimens  grossly  underestimate  the  resistance  of  the  material  to  crack  extension. 

•  For  materials  not  sensitive  to  SCC,  the  trends  of  fracture  behavior  measured  with  small 
specimens  reflect  the  dependence  of  the  plastic  flow  processes  on  loading  rate,  and  are  not  a 
measure  of  the  intrinsic  fracture  resistance  of  the  material. 


•  THIS  PAPER 
□  PLATE  REF  (1) 
A  PLATE  REF  (2) 
O  CAST  REF  (2) 


M  0.1  0J  0J  0.4  0J 

OXYGEN  CONTENT  (») 

Figure  7  -  Comparison  of  data  measured  in  this  work  with  other  data  for  both  rolled  plate  and 
cast  materials.  The  data  show  that  at  about  0.19  weight  percent  oxygen  or  less, 
unalloyed  titanium  is  not  sensitive  to  SCC. 
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SAME  REGULARITIES  OF  ALLOYING  ELEMENTS  EFFECT  ON  c£-BASE  TITANIUM 


ALLOYS  EMBRITTLEMENT  IN  AIR  AND  CORROSIVE  ENVIRONMENT 
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Sankt- Petersburg, 193167,  Russia 


Abstract 

A  consideration  is  given  for  some  common  features  of  the  effect  of  alloy 
composition  on  the  susceptibility  to  brittle  behaviour  of  oC-base  titanium 
alloys  in  air  and  corrosive  media,  sea  water  in  particular.  SCC  embrittle¬ 
ment  is  regarded  as  an  early  form  of  the  ordinary  brittle  degradation  due  to 
alloying  additions.  The  effects  of  alpha  stabilizers  and  eutectoid  beta  sta¬ 
bilizers  provoking  the  phenomenon  as  well  as  the  opposite  action  of  isomorp- 
hous  beta  stabilizers  are  explain’d  in  terms  of  rf-solid  solution  stability 
aspects  as  well  as  electronic  structure  changes.  Some  analogies  of  other  me¬ 
tallic  system  are  provided. 


Introduction 

High  strength  e/-base  titanium  alloys  are  recognized  as  very  effective  mate¬ 
rials  in  manufacturing  various  stressed  marine  constructions  /I, 2/.  These 
exclusively  demandable  applications  require  special  care  relative  to  the 
chemical  composition  and  structure  which  are  generally  different  from  those 
for  airospace  titanium  alloys  since  one  of  the  main  problem  here  is  in  pre¬ 
venting  stress  corrosion  cracking  SCC  embrittlement.  This  phenomenon  has 
been  discovered  for  about  three  decades  ago  / 3/  and  a  lot  of  papers  concern¬ 
ing  the  subject  has  been  publishing  /4— 8  etc./.  It  seems  now  that  in  the 
light  of  the  knowledge  accumulated  it  is  possible  to  envisage  the  problem  of 
oC -base  titanium  alloys  embrittlement  in  corrosive  environment  and  air  toge¬ 
ther.  In  this  paper  we  attempted  to  do  it. 

Main  Theseo 

General  View 


High  loaded  constructions  made  of  titanium  alloys  are  mostly  exploited  in 
media  which  substantially  do  not  affect  them  in  terms  of  the  general  as  well 
as  macroscopically  local  corrosion  losses.  It  distinguishes  titanium  and  its 
alloys  among  other  structural  materials  including  stainless  steels.  In  order 
to  induce  SCC  embrittlement  of  titanium  alloys  it  is  necessary  to  rupture 
mechanically  the  protective  surface  oxide  film  which  is  to  be  done  by  means 
of  plastic  deformation  of  the  substrate.  SCC  susceptibility  may  be  evaluated 
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by  various  testing  procedures,  the  criterion  being  the  techique  should  show 
different  results  in  air  (vacuum)  and  corrosive  environments.  The  influence 
of  alloying  additions  will  be  considered  in  view  of  the  following  sheme: 
chemical  composition  -*•  structure  -*•  property. 

Considerations  of  the  Transgranular  Bnbrlttlement 

It  is  known  that  pure  titanium  displays  no  susceptibility  to  SCO  which  is 
caused  mainly  by  alpha  stabilizing  additions  such  as  oxygen  or  aluminium. 
These  elements  provide  a  great  hardening  effect  and  lead  to  the  plasticity 
losses  as  well.  But  SCC  embrittlement  (in  chloride  solutions  for  example) 
are  usually  appeared  under  the  content  of  the  elements  mentioned  which  are 
quite  tolerable  in  air  (see  Figure  1). 


Figure  1  Scheme  of  the  effect  of  aluminium  additions  of  the  embrittle¬ 
ment  of  titanium  alloys  in  air  and  3.5  %  NaCI  aq.sol. 

The  same  is  true  for  the  effect  of  eutectoid  beta  stabilizers  /9/.  A  signi¬ 
ficant  embrittlement  of  Ti-Al  alloys  in  air  is  associated  with  the  visible 
a(s-phase  (Ti3Al )  precipitations  whereas  SCC  susceptibility  may  appear  under 
the  absence  of  any  detectable  secondary  precipitates.  Only  oblique  analyses 
(magnetic  and  electrical  resistance  testing  for  example)  seems  to  be  capable 
to  catch  out  some  weak  structural  changings  under~1.0  wt.%  A1  and~5.0  wt.% 
A1  to  be  regarded  as  certain d  2 -phase  prototipes  formation  (ordering)  /10/. 
Thus  the  emergence  of  SCC  susceptibility  of  d  -base  titanium  alloys  due  to 
the  alloying  is  associated  with  the  same  structural  changes  which  being  is 
its  more  pronounced  forms  (under  higher  component  content)  would  lead  to  the 
ordinary  loss  of  plasticity. 

Many  investigators  emphasized  the  fact  that  d.  -base  titanium  alloys  transgra¬ 
nular  SCC  embrittlement  was  related  with  the  changes  in  the  plastic  deforma¬ 
tion  character-  from  cell-like  to  co-planar  /II  etc./.  The  same  relationship 
is  very  characteristic  for  SCC  of  austenitic  stainless  steels  and  other 
structural  alloys,  whereas  the  crystallographic  slipping  system  may  be  kept 
unchangable.  The  electrochemical  interaction  presumably  takes  place  along 
the  emerging  slipping  steps  formed  due  to  co-planar  slipping  / 1 2/  but  the 
following  appears  to  be  of  importance  as  well  .  The  co-planarity  of  the 
slipping  may  be  envisaged  as  some  form  of  restriction  of  the  plastic  defor- 
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mation  under  the  submicroscopical  level.  But  it  is  the  localization  (nonuni¬ 
formity)  of  the  elastic-plastic  material  responce  to  loading  which  is  gene¬ 
rally  accepted  as  the  cause  of  brittle  behaviour  without  the  corrosive  fac¬ 
tors  affectioning. 

The  transgranular  SCC  of  •(  -base  titanium  alloys  is  associated  eith  the  for¬ 
mation  of  basic  (1000)  or  near  basic  {1017)  cleavage  fracture  planes.  That 
SCC  peculiarity  attracted  great  attention  in  due  time  /1 3/  and  it  has  been 
noted  the  strange  curcumstance  that  near  basic  cleavage  plane  is  characte¬ 
ristic  for  brittle  fracture  of  high  aluminium  titanium  alloys  in  air  when 
impact  tested  /6/. 

It  is  known  that  so  intrinsic  for  transgranular  SCC  embrittlement  cleavage 
plane  is  encountered  in  a  great  variety  of  cases  of  c(  -base  titanium  as  well 
as  zirconium  alloys  embrittlement  in  various  media  including  air  and  vacuum 
( see  Table  1 ) . 

Table  1  The  cases  of  the  basic  (near  balic)  cleavage  fracture  planes 


Material 

Environment  or  loading 
conditions 

Failure  cleavage 
plane 

Reference 

-base  titanium 
and  zirconium 
alloys 

NaCl,  HC1,  CC1 
aqueous  (methanol) 
solutions 

r-—  co 

£  £ 

0  0 

/6,14/ 

Hg.Cd 

{1017! 

(0001) 

/ 15/ 

“  II  ~ 

slow  strain  rate 
testing  (air) 

12°  from 
(0001) 

/16/ 

impact  testing 
(air) 

(0001) 

(l017( 

/6/ 

Ti-6Al-i4V 

high  cycle  fatigue 
testings  in  air  and 
vacuum 

[I0l7j 

/17, 18/ 

Zn 

Hg 

(0001) 

/19/ 

Therefore,  there  are  a  series  of  important  moments  to  be  common  for  trans¬ 
granular  embrittlement  of  o(  -base  titanium  alloys  in  air  and  corrosive  en¬ 
vironments. 


Constitutional  Diagrams  and  Titanium  Alloys  Brittle  Behaviour 

The  effective  way  to  mitigate  SCC  embrittlement  of  o<  -base  titanium  alloys 
is  isomorphous  beta  stabilizers  (Mo,  V,  Ta,  Nb)  additioning  /6/.  The  mecha¬ 
nism  of  the  effect  is  little  studied  but  is  related  with  the  presence  of 
beta  stabilizing  elements  in  of  -solid  solution  /SO/.  Striking  fact  is  that 
isomorphous  beta  stabilizers  have  been  found  as  useful  alloying  elements  in 
supressing  various  forms  of  titanium  alloys  embrittlement  -  the  slow  strain 
rate  brittleness  /21/,  intergranular  embrittlement  / 10/  as  well  as  SCC  sus¬ 
ceptibility  in  many  environments.  These  elements  reportedly  mitigate  forma¬ 
tion  of  laves  phase  in  chromium  containing  titanium  alloys  1221 .  Thus  these 
elements  are  distinguished  among  otner  alloying  additions  by  its  favou¬ 
rable  effect  on  titanium  alloy.  What  attracts  attention  is  that  in  its 
first  approach  the  constitutional  diagrams  of  titanium  with  all  these  ele- 


2,083 


ments  are  quite  alike  and  simple  ones  (see  Figure  2). 


Figure  2  Schematical  image  of  the  left  comer  of  some  constitutional 
diagrams. 

It  is  interesting  to  note  also  the  resemblance  between  constitutional  diag¬ 
rams  of  Ti-Mo  (V,  Ta,  Nb)  and  Fe-Ni.  The  c.'fect  of  nickel  is  known  as  unique 
one  in  suppressing  low  temperature  embrittlement  of  ferrous  alloys.  As  con¬ 
trary  to  o(  -stabilizing  elements  (aluminium,  oxygen,  interstitials  for  iron 
to  be  known  as  embrittling  species  for  the  systems)  the  isomorphous  beta 
stabilizers  and  nickel  are  able  to  decrease  the  d  -lattice  stability  tempe¬ 
rature  without  obvious  intermetallic  formations  (see  Figure  2).  It  may  be 
suggested  that  for  metallic  systems  there  probably  exists  some  positive  cor¬ 
relation  between  the  effect  of  alloying  elements  on  the  matrix  phase  poly- 
morhous  temperature  and  its  influence  on  the  embrittlement.lt  appears  that 
by  lowering  the  phase  stability  temperature  the  elements  (for  example  iso¬ 
morphous  beta  stabilizers  for  titanium  and  nickel  for  iron)  are  lowering  the 
temperature  field  to  be  intrinsic  for  the  phase  delamination  processes.  The 
later  may  include  ordering,  segregation  or  compound  formation  reactions 
etc.,  which  are  caused  by  the  presence  of  some  low-soluble  additions  or  con¬ 
taminants.  This  way  the  neutralization  of  the  embrittling  elements  is  making. 
For  Ti-Al  alloys  the  isomorphous  beta  stabilizers  seemingly  suppress 
o/j-phase  formation  making  the  alloys  less  susceptible  to  SCC  embrittlement. 
The  correlation  considered  above  is  probably  analogous  one  for  the  following 
tendency  being  intrinsic  for  unalloyed  metals  -  the  higher  its  melting  poi¬ 
nt  the  higher  its  low-temperature  brittle-ductile  threshold  (which  is  caused 
by  contaminants).  This  correlation  for  unalloyed  matals  is  related  with  the 
increase  in  the  valent  electron  localization  degree  for  high  melting  elements 
i.e.  with  the  increase  of  the  covalent  component  of  interatomic  bond  1211 . 

As  for  isomorphous  beta  stabilizers  and  nickel  their  presence  corresponding¬ 
ly  in  d  -solid  solutions  of  titanium  alloys  and  steels  causes  the  increase 
in  the  metallic  component  of  interatomic  bond  /2l),25/.  The  experimental 
studies  also  showed  that  titanium  alloying  by  alpha  stabilizers  led  to  the 
increase  in  the  covalent  component  of  the  bonding  /1 0,26/.  Thus  the  effect 
of  alloying  element  invisaged  is  related  with  the  changes  in  the  electronic 
structure.  Not  going  further  in  the  consideration  we  are  to  note  here  that 
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isomorphous  beta  stabilizers  for  titanium  and  nickel  for  iron  as  well  as  re- 
nium  for  tungsten  (well  known  "renium  effect"  is  meant)  are  occupied  relati¬ 
vely  siniour  positions  in  the  periodic  system  displaying  themselves  as  more 
multivalent  elements.  It  should  be  noted  that  the  more  equilibrium  conditi¬ 
ons  provided  the  Ti-Mo  (V)  systems  are  not  free  from  any  nonvariatable  tran¬ 
sformations  (see  Figure  2).  The  fact  of  the  compounds  formation  for  zirco¬ 
nium  analogous  systems  urges  to  suggest  for  similar  interaction  for  titanium 
systems  (see  Figure  2)  to  take  place.  Therefore  it  is  the  degree  of  realiza¬ 
tion  of  a  transformation  which  is  of  importance  in  the  context. 

The  effect  of  various  alloying  elements  on  d  -base  titanium  alloys  embrittle¬ 
ment  in  air  and  corrosive  environments  should  be  envisaged  taking  into  acco¬ 
unt  some  microstructure  changes  which  are  also  of  importance.  But  we  suggest 
that  microstructure  parameters  keeping  the  same  the  effect  is  determined  by 
matrix  solid  solution  characteristics. 

Conclusion 


1 .  There  are  some  substantial  points  to  be  common  for  d  -base  titanium  al¬ 
loys  embrittlement  in  corrosive  midia  (SCC)  and  air.  Although  the  SCC  em¬ 
brittlement  is  necessitated  by  the  electrochemical  interaction  it  relates 
with  the  same  structural  and  phenomenological  changings  due  to  alloying  ele¬ 
ments  which  are  responsible  for  the  ordinary  transition  to  brittle  behaviour. 

2.  There  probably  exists  a  positive  correlation  between  the  effect  of  alloy¬ 
ing  elements  on  the  polymorphous  temperature  and  their  influence  on  embrit- 
tlements  in  air  and  corrosive  invironments,  which  may  be  related  with  elec¬ 
tronic  structure  changes.  Isomorphous  beta  stabilizers  are  capable  to  neut¬ 
ralize  the  embrittling  effect  of  alpha-stabilizers  and  eutectoid  beta  stabi¬ 
lizers  by  lowering  d  -solid  solution  delamination  temperature. 
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Abstract 

Titanium  alloys  of  Grade  2, 5,  9, 12  and  Beta-C  have  been  exposed  for  periods  up  to  two  years 
with  cathodic  polarization  in  deaerated  artificial  seawater  at  temperatures  between  20  and 
80  °C.  All  alloys  except  Grade  12  had  low  hydrogen  absorption  at  -1050  mV  vs.  Ag/AgG. 
Titanium  Grade  12  had  a  hydrogen  absorption  3-20  times  higher  than  the  other  alloys,  and  is 
not  recommended  for  use  in  applications  where  the  material  is  exposed  to  cathodic  protection. 
The  high  absorption  rate  was  related  to  the  nickel  content  of  this  alloy.  The  alpha-beta  high- 
strength  alloys  Grade  5  (6A1-4V)  and  Grade  9  (3A1-2.5V)  showed  about  the  same  hydrogen 
absorption  as  unalloyed  titanium  Grade  2.  The  high-strength  beta  alloy  Beta-C  had  generally 
somewhat  higher  hydrogen  absorption  than  unalloyed  titanium,  but  lower  than  Grade  12. 

The  hydrogen  absorption  in  titanium  Grade  12  was  considerably  lower  at  -700  mV  than  at 
-1050  mV  vs.  Ag/AgG.  In  the  other  alloys  the  hydrogen  absorption  was  low  at  both  these 
potentials.  The  hydrogen  absorption  in  deaerated  seawater  was  about  the  same  at  20  °C  and 
80  °C.  The  reason  for  this  is  that  surface  films  containing  carbonates  form  at  higher  tempera¬ 
tures,  and  these  films  seem  to  protect  against  hydrogen  absorption.  This  effect  is  even  stronger 
in  water  containing  carbon  dioxide,  where  carbonate  films  form  at  lower  temperatures. 

Introduction 

Titanium  has  an  excellent  corrosion  resistance  in  seawater,  and  has  been  widely  used  for 
seawater  cooled  heat  exchangers  for  the  last  twenty  years.  There  is  a  growing  interest  for 
titanium  also  in  other  offshore  applications,  where  titanium  often  will  be  coupled  to  other 
materials  and  may  also  be  exposed  to  cathodic  protection  systems.  In  some  of  these  applica¬ 
tions  the  low  weight-to-strength  ratio  makes  titanium  especially  attractive,  particularly  in 
combination  with  its  low  modulus  of  elasticity.  A  400  m  long  titanium  drilling  riser  is  currently 
being  evaluated  for  a  tension  leg  platform  in  the  North  Sea,  and  a  titanium  stress  joint  has  been 
in  service  at  500  m  water  depth  in  the  Gulf  of  Mexico.  Here  the  titanium  components  are  large 
diameter  (-30  inch)  tubes  of  high  strength  titanium  with  thick  wall  (1  inch).  This  type  of  appli¬ 
cations  requires  the  use  of  high-strength  titanium  alloys  of  the  alpha-beta  or  beta  type. 
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Titanium  alloys  absorb  hydrogen  at  low  potentials,  and  when  the  solubility  limit  is  exceeded 
hydrides  will  form.  The  hydrides  are  brittle  and  in  extreme  cases  hydrides  may  lead  to  dete¬ 
rioration  or  fracture  of  the  component.  The  behaviour  of  alpha  titanium  alloys  in  seawater  is 
apparently  well  documented,  while  little  information  is  available  on  the  hydrogen  absorption 
behaviour  of  high  strength  alloys.  It  is  often  difficult  to  use  hydrogen  absorption  data  because 
hydrogen  analyses  have  been  applied  without  differentiation  between  hydride  films  at  the 
surface  and  hydrogen  absorbed  in  the  bulk  material.  It  is  mainly  precipitated  hydrides  in  the 
interior  of  the  metal  that  will  endanger  the  service  life  of  a  component,  while  thin  hydride  films 
at  the  surface  have  less  practical  implications. 

The  most  important  factors  for  hydrogen  absorption  in  titanium  are  pH,  electrochemical  poten¬ 
tial,  temperature  and  alloy  composition.  Rules  of  thumb  given  for  seawater  service  of  alpha 
titanium  alloys  are  not  always  reliable,  and  they  can  not  be  applied  for  beta  or  alpha-beta  alloys. 
Information  relevant  to  conditions  on  the  hydrocarbon  side  of  oil  and  gas  production  or  trans¬ 
port  equipment  is  lacking.  Experience  ffom  oil  refineries  shows  that  coupling  to  carbon  steel 
has  led  to  hydrogen  absorption  in  environments  containing  hydrogen  sulphide.  An  important 
question  is  whether  the  small  H2S  amounts  present  in  North  Sea  hydrocarbons  (<100  ppm)  are 
enough  to  trigger  hydrogen  absorption. 

The  objective  of  the  present  work  was  to  investigate  hydrogen  absorption  on  the  seawater  side 
in  titanium  components  coupled  to  other  metals  exposed  to  cathodic  protection  and  on  the 
hydrocarbon  side  of  titanium  components  coupled  to  carbon  steel.  The  experiments  were  a  part 
of  an  EEC  funded  project  within  the  EURAM  programme  (1).  The  project  was  based  on  a  co¬ 
operation  between  research  institutions  in  four  European  contries,  including  Inasmet,  Spain, 
Technical  Research  Institute  of  Finland,  Imperial  College,  England  and  Institutt  for  energi- 
teknikk,  Norway.  The  aim  of  the  Norwegian  studies  was  to  investigate  hydrogen  absorption 
without  mechanical  loading,  while  work  in  Finland  and  Spain  was  concentrated  on  the  influence 
of  cathodic  protection  on  stress  corrosion  cracking  and  corrosion  fatigue  in  artificial  seawater. 
The  British  studies  were  aimed  at  the  role  of  hydrides  in  the  cracking  of  titanium  alloys. 

Experimental 

Hydrogen  absorption  studies  were  performed  with  the  following  titanium  alloys:  Ti  Grade  2 
(CP  Ti),  Grade  5  (6A1-4V),  Grade  9  (3A1-2.5V),  Grade  12  (0.8Ni-0.3Mo)  and  Beta-C.  In  some 
of  the  experiments  new  experimental  alloys  supplied  by  TIMET  (Beta-21S)  and  Sumitomo 
(0.05Pd-0.3Co)  were  included.  The  composition  and  mechanical  properties  of  the  alloys  are 
given  in  Table  I.  Flat  specimens  with  thickness  3  mm  and  surface  area  about  5  cm2  were 
exposed  to  synthetic  seawater  according  to  ASTM  D-l  141  in  glass  cells  with  automatic  pH  and 
temperature  control.  The  electrolyte  was  replaced  at  regular  intervals.  The  specimens  were 
ground  and  then  pickled  in  a  HN03-HF-H20  solution  before  the  experiment.  Experiments  were 
performed  at  20, 40,  60  and  80  °C.  The  solution  was  flushed  with  either  N2  C02,  or  C02  with 
50  ppm  H2S  in  order  to  simulate  either  produced  water  (hydrocarbon  environment  with  COj) 
or  seawater  at  large  depths  where  the  oxygen  content  is  low.  The  pH  of  the  solution  was  kept 
at  4.0  in  most  experiments,  while  a  few  experiments  were  performed  with  higher  pH  values. 
The  potential  of  the  specimens  was  kept  at  either  -700  mV  vs.  Ag/AgCl  (corresponding  to 
galvanic  coupling  to  carbon  steel)  or  -1050  mV  vs.  Ag/AgCl  (corresponding  to  a  structure  with 
cathodic  protection).  Exposure  times  were  ffom  20  to  700  days.  The  specimens  were  examined 
for  hydride  precipitation  by  metallography,  and  the  hydrogen  content  of  both  exposed  and 
unexposed  specimens  was  measured  by  TIMET  by  vacuum  extraction  and  mass  spectrometry. 


Table  I.  Chemical  composition  and  mechanical  properties  of  the  investigated  alloys.  Data  from 
certificate  for  all  alloys  except  Grade  9. 


Composition  % 

Alloy 

2 

5 

9 

12 

0.05Pd-0.3Co 

Beta-C 

Beta-21  S 

N 

0.008 

0.01 

0.05 

0.017 

C 

0.025 

0.02 

0.18 

0.016 

0.10 

0.2 

Fe 

0.05 

0.22 

0.25 

0.12 

0.07 

0.08 

O 

0.19 

0.125 

0.15 

0.14 

0.20 

0.077 

Al 

6.2 

2.5-3.5 

3.3 

3 

V 

2-3 

8.0 

Other 

Mo  0.28 

Pd  0.03-0.07 

Mo  4.0 

Mo  15 

Ni  0.87 

.Co  0.2-0. 7 

Zr  3.9 

Nb  2.6 

Cr  6.4 

i-WI 

H*ppm 

70 

60 

80 

50 

50 

140 

90 

Mechanical  properties 

YP  MPa 

418 

986 

560 

400 

834 

UTS  MPa 

527 

1034 

655 

600 

862 

Elongation  % 

26 

13 

29 

23 

21 

*  Measured  by  TIMET  for  this  project 


Results 

The  amount  of  absorbed  hydrogen  in  the  different  titanium  alloys  exposed  to  artificial  seawater 
with  C02  at  80  °C,  pH  4.0  and  -1050  mV  vs.  Ag/AgCl  is  shown  in  Figure  1.  The  hydrogen  data 
are  given  as  absorbed  hydrogen  in  ng  per  mm2  surface  area  of  the  specimen.  This  parameter 
gives  values  for  absorbed  hydrogen  independent  of  the  thickness  of  the  material.  Hydrogen 
values  in  ppm  of  the  bulk  material  are  less  informative  and  do  not  take  into  account  that  most 
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Figure  1.  Hydrogen  absorption  in  titanium  as  function  of  exposure  time.  Exposure 

in  artificial  seawater  with  C02  at  80  ®C,  -1050  mV  vs.  Ag/AgCl  and  pH  4.0. 
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of  the  absorbed  hydrogen  is  accu¬ 
mulated  in  a  thin  surface  layer. 
However,  as  many  previously  repor¬ 
ted  hydrogen  data  have  been  given  in 
ppm,  an  approximate  scale  for  the 
hydrogen  content  in  ppm  in  a  3  mm 
thick  plate  exposed  on  both  sides  is 
also  given  in  the  figure.  The  hydro¬ 
gen  content  in  ppm  will  be  different 
for  other  thicknesses. 

Figure  1  shows  that  the  hydrogen 
absorption  does  not  slow  down  even 
after  long  exposure  times.  In  fact,  the 
hydrogen  values  after  two  years  are 
more  than  twice  the  values  after  one 
year  for  all  alloys.  The  figure  also 
shows  that  Ti  Grade  12,  which  con¬ 
tains  nickel  and  molybdenum,  ab¬ 
sorbs  3-2C  times  more  hydrogen  than 
Grade  2,  3  and  9.  Grade  12  showed 
considerable  hydride  formation,  while  very  little  hydrides  were  found  in  the  other  alloys.  The 
thickness  of  the  hydride  layer  in  Ti  Grade  12  specimens  tested  at  80  #C,  pH  4.0  and  -1050  mV 
vs.  Ag/AgCl  is  shown  as  function  of  exposure  time  in  Figure  2.  The  figure  shows  that  an  appre¬ 
ciable  hydride  layer  can  be  observed  already  after  two  days’  exposure.  The  thickness  of  the 
layer  increases  approximately  proportionally  with  the  square  root  of  the  exposure  time. 

Experiments  with  abraded  and  pickled  specimens  tested  with  nitrogen  flushing  at  20  °C  showed 
that  abraded  specimens  had  considerably  higher  hydrogen  absorption  than  pickled  specimens 
after  40  days'  exposure.  After  120  days'  exposure  the  difference  between  pickled  and  abraded 
specimens  was  much  smaller,  and  the  initial  surface  condition  seems  to  be  less  important. 

The  effect  of  temperature  on  the  hydrogen  absorption  in  the  different  alloys  is  shown  in  Figure 
3.  In  the  experiments  with  nitrogen  flushing  the  hydrogen  absorption  increases  markedly  from 
20  °C  to  40  °C  and  then  decreases  from  40  to  80  *C.  In  experiments  with  C02  flushing  the 
hydrogen  absorption  decreases  from  20  to  40  °C  and  then  remains  about  the  same  up  to  80  °C. 
Grade  12  has  the  highest  hydrogen  absorption  at  all  temperatures,  while  Beta-C  also  absorbs 
much  hydrogen  at  20  and  40  °C. 

The  hydrogen  absorption  in  Ti  Grade  12  after  one  year  exposure  in  synthetic  seawater  with 
C02  flushing  at  80  °C  and  pH  4.0  was  about  seven  times  higher  at  -1050  mV  than  at  -700  mV 
vs.  Ag/AgCl.  For  the  other  alloys  the  hydrogen  absorption  was  much  lower,  with  almost  no 
difference  between  -700  and  -1050  mV  vs.  Ag/AgCl.  An  experiment  with  C02  +  50  ppm  H2S 
as  flushing  gas  with  pH  6.5  resulted  in  similar  or  somewhat  lower  hydrogen  uptake  than  pure 
C02  and  pH  4.0.  A  few  experiments  with  different  pH  values  were  performed  with  nitrogen 
flushing  at  80  °C  and  -1050  mV  vs.  Ag/AgG.  Grade  12  specimens  tested  at  pH  13  showed  no 
hydride  precipitation,  while  pH  6.2  resulted  in  formation  of  some  hydrides.  Specimens  exposed 
at  pH  4.0  under  the  same  conditions  showed  a  thick  hydride  layer  at  the  surface  and  hydride 
needles  deep  into  the  metal. 


Figure  2.  Thickness  of  hydride  layer  in  titanium 
Grade  12  as  function  of  exposure  time. 
Exposure  in  artificial  seawater  with  C02  at 
80  °C,  -1050  mV  vs.  Ag/AgCl  and  pH  4.0. 
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Figure  3.  Hydrogen  absorption  in  titanium  as  function  of  temperature.  40  days' 
exposure  in  artificial  seawater  at  -1050  mV  vs.  Ag/AgCl  and  pH  4.0. 


Diacusaion 

Effect  of  temperature  and  water  dmaiaig 

Hydrogen  absorption  in  titanium  has  traditionally  been  considered  to  be  a  problem  only  at 
temperatures  above  80  °C,  where  the  diffusion  rate  of  hydrogen  becomes  significant  (2).  The 
present  experiments  in  synthetic  seawater  with  nitrogen  flushing  show  that  the  hydrogen 
absorption  increases  from  20  to  40  “C,  but  then  decreases  from  40  to  80  °C.  With  C02  flushing 
the  hydrogen  absorption  decreases  already  from  20  to  40  °C.  The  surface  films  on  titanium 
seem  to  be  more  important  for  the  total  hydrogen  absorption  than  the  effect  of  temperature  on 
diffusion.  An  X-ray  energy  dispersive  analysis  of  the  surface  of  specimens  exposed  with  nitro¬ 
gen  flushing  at  80  °C  showed  the  presence  of  calcium  that  has  been  deposited  on  the  surface, 
probably  as  CaC03.  Carbonate  scales  form  easily  at  high  temperature  because  the  solubility  of 
calcium  carbonate  decreases  with  increasing  temperature.  Natural  seawater  contains  enough 
carbonate  ions  to  get  this  effect.  When  the  water  contains  carbon  dioxide,  the  content  of 
carbonate  ions  is  larger  and  carbonate  scales  are  more  easily  formed  at  low  temperature.  This 
accounts  for  the  observed  effect  of  C02  on  the  hydrogen  absorption.  The  effect  of  carbonate 
films  on  hydrogen  absorption  of  titanium  in  seawater  may  have  important  practical  conse¬ 
quences,  as  this  might  result  in  negligible  hydrogen  absorption  in  cases  where  this  otherwise 
could  be  a  problem. 

Previous  investigations  of  grade  2  titanium  in  natural  seawater  showed  small  differences  in 
hydrogen  absorption  between  25  and  50  °C,  while  exposure  at  80  °C  gave  a  marked  increase  in 
hydride  layer  thickness  (3).  These  results  were  obtained  at  pH  2  and  are  not  relevant  for  normal 
seawater  exposure.  Another  study  reported  a  higher  hydrogen  absorption  in  3  months  at  25  °C 
compared  to  two  months  at  100  °C  (4).  This  is  more  in  line  with  the  present  findings. 


Figure  4.  Hydride  layer  with  crack  on  titanium  Grade  12  after  40  days'  exposure 
in  artificial  seawater  with  C02  at  80  °C  and  pH  4.0. 

In  order  to  judge  the  detrimental  effect  of  hydrogen  it  is  necessary  to  have  information  on  the 
distribution  of  hydrides  as  well  as  the  total  hydrogen  content.  Hydrides  oriented  perpendicular 
to  the  loading  direction  can  be  dangerous  even  with  reasonably  low  total  hydrogen  contents. 
This  is  clearly  demonstrated  in  Figure  4  where  surface  cracks  starting  from  hydrides  can  act  as 
stress  risers  by  introducing  a  stress  concentration  factor. 

Dense  surface  hydride  layers  were  observed  in  Grade  2  specimens  exposed  with  nitrogen 
flushing  at  20  °C  and  almost  no  hydrides  at  80  °C,  although  the  hydrogen  content  was  about 
the  same  at  the  two  temperatures.  In  Grade  12  specimens  exposed  with  C02  flushing,  dense 
surface  hydrides  with  thickness  5-30  nm  were  observed  in  specimens  exposed  at  20  °C,  while 
specimens  exposed  at  80  °C  also  showed  hydride  needles  up  to  300  fim  deep  into  the  metal. 
Specimens  exposed  at  40  and  60  °C  had  thicker  surface  hydride  layers  with  up  to  60  nm  depth. 
This  may  seem  surprising  since  the  hydrogen  absorption  was  highest  at  20  °C,  as  shown  by  the 
open  points  in  Figure  3.  However,  the  hydride  layer  at  20  °C  was  very  dense  because  very  little 
of  the  absorbed  hydrogen  had  diffused  into  the  bulk  metal.  These  observations  illustrate  that  the 
diffusion  of  hydrogen  from  the  surface  and  deeper  into  the  metal  increases  with  temperature, 
but  this  is  not  the  limiting  factor  for  the  hydrogen  absorption. 

The  hydrogen  absorption  increases  with  decreasing  pH.  The  experiments  with  pH  4  represent 
accelerated  conditions  compared  to  neutral  seawater.  Flushing  with  C02  +  50  ppm  H2S  at  pH 
6.5  gave  similar  or  somewhat  lower  hydrogen  uptake  than  pure  C02  at  pH  4.0.  This  does  not 
exclude  a  detrimental  effect  of  H2S  on  hydrogen  absorption,  but  it  seems  that  the  small  amounts 
of  hydrogen  sulphide  in  the  North  Sea  fields  (<100  ppm)  do  not  cause  any  dramatic  changes  in 
the  hydrogen  absorption  for  the  hydrocarbon  side  of  titanium  components  coupled  to  carbon 
steel. 

Effect  of  alloying  elements 

Titanium  Grade  12  absorbed  much  more  hydrogen  than  the  other  alloys  (3-20  times  more),  and 
was  the  only  alloy  with  extensive  hydride  formation.  Small  amounts  of  nickel  are  known  to 
cause  increased  hydrogen  absorption  in  titanium  alloys  (5),  and  it  is  likely  that  the  0.8  %  nickel 
in  Grade  12  accounts  for  the  increased  hydrogen  absorption.  This  was  verified  by  Ti  Grade  2 
specimens  with  small  amounts  of  nickel  electrodeposited  on  the  surface.  These  specimens 
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developed  a  severe  hydride  attack  after  only  20  days'  exposure,  while  no  hydrides  were  found  in 
parallel  specimens  without  nickel.  A  few  experiments  with  the  alloy  Ti  0.05Pd-0.3Co  showed 
two  to  three  times  higher  hydrogen  absorption  than  for  unalloyed  titanium  Grade  2.  The  palla¬ 
dium  content  is  probably  responsible  for  this,  but  the  cobalt  content  may  also  contribute. 

The  high-strength  beta  alloy  Beta-C  showed  generally  somewhat  higher  hydrogen  absorption 
than  unalloyed  titanium,  but  lower  than  Grade  12.  The  alloy  Beta-21S  was  also  tested  and  had 
about  the  same  hydrogen  absorption  as  Beta-C.  Both  the  solubility  and  the  diffusion  rate  of 
hydrogen  are  several  times  higher  in  the  beta  alloys  than  in  the  alpha  alloys,  and  no  hydrides 
were  ever  found  in  the  beta  alloys. 

The  alpha-beta  high-strength  alloys  Grade  5  (6A1-4V)  and  Grade  9  (3A1-2.5V)  had  about  the 
same  hydrogen  absorption  as  unalloyed  titanium  Grade  2.  However,  Grade  9  had  higher 
hydrogen  absorption  in  a  pickled  specimen  at  40  °C  and  an  abraded  specimen  at  20  °C.  No 
hydrides  were  found  in  the  alpha-beta  alloys,  except  for  the  abraded  Grade  9  specimen 
mentioned  above,  where  a  100  ^m  thick  hydride  layer  was  found  after  40  days'  exposure. 

Effect  of  potential 

The  hydrogen  absorption  in  titanium  Grade  12  was  considerably  lower  at  -700  mV  than  at 
•1030  mV  vs.  Ag/AgCl.  In  the  other  alloys  the  hydrogen  absorption  was  low  at  both  these 
potentials.  This  together  with  the  beneficial  effect  of  C02  indicates  that  hydrogen  absorption 
should  not  be  a  problem  on  the  hydrocarbon  side  of  titanium  components  coupled  to  carbon 
steel,  where  the  potential  is  typically  -700  mV  vs.  Ag/AgCl.  On  the  seawater  side,  a  titanium 
component  coupled  to  a  structure  with  cathodic  protection  will  have  a  potential  of  about  -1050 
mV  vs.  Ag/AgCl.  At  this  potential  significant  hydrogen  absorption  can  occur  in  titanium  Grade 
12.  Previous  investigations  have  indicated  that  hydrogen  absorption  occurs  in  natural  seawater 
only  when  titanium  has  a  potential  lower  than  about  -0.7  V  vs.  SCE,  with  significant  hydrogen 
absorption  between  -0.8  and  -1.0  V  vs.  SCE  (6,  7).  Other  investigators  have  found  significant 
hydriding  of  titanium  in  neutral  seawater  only  at  potentials  lower  than  -1.2  V  vs.  SCE,  and  they 
have  suggested  -1.0  V  vs.  SCE  as  a  limit  for  avoiding  significant  hydriding  below  45  °C  (8). 

Conclusions 

Exposure  of  titanium  alloys  of  Grade  2,  5,  9, 12  and  Beta-C  in  deaerated  artificial  seawater  at 
-1050  mV  vs.  Ag/AgCl  showed  a  low  but  significant  hydrogen  absorption  in  all  alloys  except 
Grade  12.  The  exposure  at  pH  4  represents  accelerated  conditions  compared  to  neutral  sea¬ 
water.  The  hydrogen  absorption  did  not  slow  down  even  after  two  years.  Titanium  Grade  12 
had  a  hydrogen  absorption  3-20  times  higher  than  the  other  alloys  and  extensive  hydride 
formation.  This  alloy  should  not  be  recommended  for  use  in  applications  where  the  material  is 
exposed  to  cathodic  protection.  The  high  absorption  rate  of  Grade  12  is  related  to  the  nickel 
content.  The  alpha-beta  high-strength  alloys  Grade  5  (6A1-4V)  and  Grade  9  (3A1-2.5V)  showed 
about  the  same  hydrogen  absorption  as  unalloyed  titanium  Grade  2.  The  high-strength  beta 
alloy  Beta-C  had  somewhat  higher  hydrogen  absorption  than  unalloyed  titanium,  but  lower  than 
Grade  12.  No  hydrides  were  found  in  the  Beta-C  alloy.  The  results  indicate  that  these  high- 
strength  alloys  are  at  least  as  good  as  unalloyed  titanium  regarding  hydrogen  absorption. 

The  hydrogen  absorption  in  deaerated  seawater  was  about  the  same  at  20  °C  and  80  °C,  while 
it  was  higher  at  40  °C.  The  reason  for  this  is  that  surface  films  containing  carbonates  start  to 
form  between  40  °C  and  80  °C.  These  films  seem  to  protect  against  hydrogen  absorption.  This 
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effect  is  even  stronger  in  water  containing  carbon  dioxide,  where  the  hydrogen  absorption 
decreases  from  20  to  40  °C  because  carbonate  film  formation  start  at  lower  temperatures. 

The  hydrogen  absorption  is  initially  much  higher  at  abraded  surfaces  than  at  pickled  surfaces, 
but  the  differences  in  original  surface  conditions  become  less  important  after  longer  exposure 
times.  The  hydrogen  absorption  in  titanium  Grade  12  was  considerably  lower  at  >700  mV  vs. 
Ag/AgCl  than  at  -1050  mV  vs.  Ag/AgCl.  This  together  with  the  beneficial  effect  of  C02 
indicates  that  hydrogen  absorption  should  not  be  a  problem  on  the  hydrocarbon  side  of  titanium 
components  even  with  small  contents  of  HjS,  while  some  hydrogen  absorption  may  occur  on 
the  seawater  side  of  titanium  components  coupled  to  a  structure  with  cathodic  protection. 
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ENHANCING  CORROSION  RESISTANCE  OF  THE  Ti-3AI-8V-6Cr-4Zr-<Mo 
(Bets-C™)  ALLOY  FOR  INDUSTRIAL  APPLICATIONS 


R.  W.  Schutz  and  M.  Xiao 
RMI  Titanium  Company 


Enhancement  of  Beta-C™  titanium  with  0.04  -  0.10  wt.%  Pd  or  Ru 
dramatically  expands  the  alloy's  resistance  to  hot  reducing  acids,  and  to  stress 
and  crevice  corrosion  in  high  temperature  deaerated,  reducing,  and/or  sour 
brine  media.  High  resistance  to  hydrogen  absorption  with  sustained  exposure 
to  hot  dilute  reducing  acids  or  high  temperature  caustic  solutions  also 
resulted,  contrasting  behavior  in  conventional  titanium  alloys.  These  positive 
effects  appear  to  stem  from  formation  of  a  more  protective  passive  oxide  film, 
and  not  cathodic  depolarization  traditionally  achieved  by  precious  metal 
additions  to  titanium.  These  improvements  in  corrosion  and  hydrogen 
resistance  in  reducing  acidic  media  have  direct  positive  implications  for 
application  of  enhanced  Beta-C  titanium  alloys  in  hypersaline  geothermal 
brine  wells,  deep  sour  gas  wells,  and  even  chemical  and  organic  compound 
synthesis  processes. 


IniriHlmtiflB 

Beta-C  titanium  is  characterized  as  an  ageable  beta  titanium  alloy  which  offers 
a  unique,  attractive  combination  of  high  strength,  low  density  and  modulus, 
and  elevated  corrosion  resistance.  This  attractive  suite  of  properties  has  been 
successfully  exploited  for  production  tubular  applications  in  hypersaline 
geothermal  brine  extraction  wells  in  the  Salton  Sea(l),  and  is  driving  current 
interest  in  this  alloy  for  production  tubulars,  casings,  and  ancillary  well 
equipment  in  deep  sour  gas  wells(2).  Service  experience  and  laboratory 
testing,  however,  have  revealed  subtle  limitations  in  crevice  and  stress 
corrosion  resistance  above  -185°C  in  both  sweet  and  sour  brines. 

These  corrosion  performance  windows  can  be  expanded  to  a  significant  extent 
by  the  minor  addition  of  a  platinum  group  metal  (i.e.  Pd,  Ru,  Pt,  Ir,  Rh)  to  this 
alloy.  Significant  improvement  in  crevice,  stress,  and/or  reducing  acid 
corrosion  resistance  have  been  demonstrated  in  alpha(3,4),  alpha-beta  (3,4), 
and  beta  titanium  alloys(2,5)  with  minor  precious  metal  additions.  This  paper 
examines  the  scope  of  corrosion  performance  benefits  derived  by  enhancing 
the  Beta-C  titanium  alloy  with  either  Pd  or  Ru  within  the  0.04  -  0.10  wt.% 
range.  Enhanced  beta  alloy  passivity  and  resistance  to  crevice  and  pitting 
corrosion,  hydrogen  absorption,  and  stress  corrosion  cracking  were  evaluated 
via  laboratory  tests  in  hot  environments  ranging  from  oxidizing  to  reducing 
and  acidic  to  alkaline.  Performance  of  this  improved  alloy  is  compared  to  that 
of  the  standard  Beta-C  alloy  and  is  discussed  in  terms  of  potential  industrial 
applications. 
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Experiments! 


Test  Materials 

Corrosion  testing  was  performed  on  three  versions  of  the  Beta-C  alloy  fTi-3Al- 
8V-6Cr-4Zr-4Mo):  standard  Beta-C,  Pd-enhanced  Beta-C,  and  Ru-ennanced 
Beta-C.  The  actual  composition  of  the  sheet  and  pipe  product  forms  evaluated 
are  outlined  in  Table  I.  The  1.8  mm  sheet  stock  was  tested  in  the  hot-rolled 
and  solution-treat  (816°C-30Min-AC)  or  "ST"  condition  (-827  MPa),  and  in  the 
50%  cold-rolled  and  solution-treat  +  age  (816°C-30Min-AC  +  579°C-24Hrs-ACJ 
or  "STA“  condition  (-965  MPa  YS),  ana  was  exposed  in  the  ground  and  pickled 
surface  condition.  The  mill-produced  73  mm  OD  x  5.5  -  6.8  mm  wall  pipe 
samples  used  for  stress  corrosion  testing  were  cold-pilgered  and  solution-treat 
+  aged  to  a  yield  strength  of  -952  MPa,  with  a  machined  and'  pickled  surface. 

Test  Methods  and  Media 

General  corrosion  testing  consisted  of  simple  weight  loss  immersion  exposures 
(1-3  days)  of  specimens  in  boiling  solutions  of  HC1, 10%  HNOa,  and  10%FeCl,; 
and  higher  temperature  solutions  of  molybdate-inhibited  HC1,  10%  formic  and 
acetic  acids,  and  20%  NaOH.  Although  most  solutions  were  left  unchanged 
during  testing,  solutions  were  refreshed  every  24  hours  and  14  days  during 
the  HNOj  and  NaOH  test  exposures,  respectively. 

Table  I.  Composition  of  Beta  Titanium  Alloy  Product  Forms  Tested 


1  ~ 

Standard  Bcta-C 

Pd-Enhanccd  Beta-C 

Ru-Enhanced  Beta-C 

Product 

Form 

1.8  mm 

aheet 

1.8  mm 

aheet 

H39H 

1.8  mm  aheet 

%A1  (%V) 

3.5  (8.1) 

3.3  (7.8) 

2.7  (7.8) 

3.1  (7.9) 

3.0  (8.1) 

%Cr  (%Zr) 

5.8  (3.8) 

6.2  (3.8) 

6.0  (4.0) 

6.0  (4.0) 

6.1  (3.9) 

%Mo  (%0) 

3.9  (0.09) 

4.0  (0.08) 

4.1  (0.08) 

4.2  (0.08) 

4.2  (0.09; 

%Pd  (%Ru) 

- 

- 

0.045 

0.062 

(0.086) 

Anodic/ cathodic  polarization  characteristics  of  the  sheet  samples  were 
determined  in  deaerated  (argon  sparged)  20%  NaCl  (pH  0.5)  at  90°C  via 
potentiodynamic  scanning  at  0.5  mV/ sec.  The  anodic  repassivation  pitting 
potential  of  the  sheet  material  was  measured  in  boiling  5%  NaCl  (pH  3.5)  via 
the  galvanostatic  method  utilizing  a  constant  current  density  of  +200  mA/cm1. 

Crevice  corrosion  resistance  was  evaluated  using  bolted  assemblies  of 
interspaced  metal  sheet  (38  mm  x  38  mm  x  1.8  mm)  and  1  mm  Teflon®  sheet 
spacers,  bolted  together  with  a  torque  of  30  -  50  mm*kg.  Each  assembly 
incorporated  five  metal  samples  and  created  multiple  metal-Teflon  and  metal- 
metal  crevices(2).  Test  solutions  included  deaerated  concentrated  NaCl,  NaBr, 
and  CaClj  brines  at  232°C,  a  sour  brine  consisting  of  20%  NaCl  +  1  gpl  sulfur 
+  1.4  MPa  HaS  at  100-276°C,  and  highly  oxidizing  (pH  1-2)  20%  NaCl  brines 
at  90°C.  Exposure  period  was  30  days. 

Hydrogen  absorption  was  evaluated  by  two  methods.  One  method  involved 
hydrogen  absorption  as  a  by-product  of  general  corrosion  in  dilute  boiling  HC1 
solutions.  Sheet  specimens  were  removed  every  14  days,  annealed  at  232°C 
for  24  hours  to  homogenize  internal  hydrogen,  and  lightly  re-pickled  in 
HF/HNO3  solution  to  clean  surfaces  before  re-exposure.  The  second  method 
utilized  a  galvanic  couple  between  Beta-C  titanium  and  carbon  steel  sheets 
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(1:1  surface  area  ratio)  exposed  to  a  deaerated  46%  NaBr  brine  at  232°C  for 
500  hours.  The  hot  vacuum  extraction  method  was  used  to  measure  sample 
hydrogen  content  before  and  after  exposure. 

Stress  corrosion  cracking  (SCC)  susceptibility  was  also  assessed  via  two 
methods  on  the  two  pipe  products  tested  (Table  I).  C-rings,  prepared 
according  to  ASTM  G-38,  were  stressed  to  95%  yield  strength  and  exposed  for 
30  days  to  the  deaerated,  concentrated  NaCl,  NaBr,  and  CaCla  brines  at  232°C. 
Slow  strain  rate  (SSR)  testing  was  also  performed  on  L-direction  pipe  samples 
in  hot  sour  brine  at  a  strain  rate  of  4  x  10'6  sec'1,  using  failure  criteria 
described  elsewhere  (5).  SSR  and  some  C-ring  (3-6  mo.)  testing  was  conducted 
in  a  sour  brine  consisting  of  deaerated  20%  NaCl  with  1  gpl  sulfur  and 
pressurized  with  6.9  MPa  H2S  and  3.4  MPa  C02  at  175  -  300°C. 


Acid  Resistance 

Corrosion  rate  profiles  for  the  modified  Beta-C  alloys  in  boiling  HC1  media  are 
presented  in  Figure  1.  The  dramatic  extension  of  corrosion  resistance  into  the 
higher  acid  concentration  range  is  obvious  when  the  Beta-C  alloy  is  enhanced 
with  Ru  and  Pd.  The  Pd  imparts,  by  far,  the  greatest  beneficial  influence,  with 
the  benefit  of  Ru  judged  to  be  roughly  midway  between  the  standard  and  Pd- 
enhanced  alloys.  The  metallurgical  condition  of  each  alloy  (i.e.  ST  vs.  STA) 
appears  to  have  a  relatively  minor  effect  on  reducing  acid  resistance.  The  ST 
condition  in  the  Pd-enhanced  alloy  did  improve  resistance  at  very  high  acid 
levels  (>6%),  whereas  the  STA  condition  exhibited  improved  resistance  below 
1.5%  HC1  in  the  standard  alloy. 

The  beneficial 
influence  of  Pd  is 
similarly  observed 
in  inhibited  high 
temperature 
reducing  acids,  as 
shown  in  Figure  2. 
Exposure  to  the 
mildly  reducing 
organic  acid  media, 
10%  acetic  and 
10%  formic  acids, 
at  232°C  produced 
rates  of  0.04  and 
0.18  mm/yr., 
respectively,  for 
standard  Beta-C. 
The  Pd-enhanced 
alloy,  in 
comparison, 
exhibited  nil  corrosion.  Table  II  provides  comparative  corrosion  rate  data  in 
two  hot  oxidizing  acid  solutions.  No  apparent  influence  of  Pd  or  Ru,  or 
metallurgical  condition  was  observed.  As  expected,  the  beta  alloys  were  not 
as  resistant  as  unalloyed  titanium  under  hot,  highly  oxidizing  nitric  acid 
conditions,  but  were  more  resistant  than  the  Ti-6A!-4V  alloy  due  to  its  higher 
aluminum  content. 

Caustic  Resistance 

As  with  most  titanium  alloys,  these  beta  alloys  exhibit  only  minor  corrosion 
rates  in  hot  20%  NaOH  media  with  relatively  little,  if  any,  effect  of  Pd  or  Ru  on 
Beta-C  alloy  corrosion  rate  in  this  media.  The  factor  that  often  limits  use 
of  titanium  alloys  in  hot,  highly  alkaline  media  is  continued,  excessive 


Figure  1  Corrosion  rate  profiles  for  beta  alloys  in  boiling 
HC1  solution. 


hydrogen  absorption 
and  eventual 
embrittlement 
resulting  from  finite 
corrosion.  Standard 
Beta-C  exhibits  no 
significant  increases  in 
hydrogen  level  at 
boiling  (107°C),  but 
does  show  excessive 
absorption  at  1 49°C  as 
shown  in  Figure  3.  In 
contrast,  the  two 
enhanced  alloys 
experienced  no 
significant  changes  in 
hydrogen  content  after 
six  weeks'  exposure  at 
149°  and  177°C. 
Since  it  had  little 
influence  on  corrosion 
rate,  the  precious  metal  alloy  addition  probably  increased  or  modified  the  oxide 
surface  film  barrier  to  thwart  absorption  of  atomic  hydrogen.  In  fact,  a  green 
chromium-rich  surface  scale  was  detected  on  both  enhanced  alloys,  but  not 
on  standard  Beta-C  after  exposure.  This  possible  influencing  factor  and  the 
ability  of  the  film  to  resist  hydrogen  pickup  warrants  further  testing  in  longer 
exposures  and  also  in  flowing  caustic  solutions. 


Table  II.  Corrosion  Rate  of  Standard  and  Enhanced  Beta-C™  in  Various 


HiS 

h  Temperature  Acidic  Solutions 

ALLOY 

CONDITION 

10%  HNO,  (mm/yr) 

10%  FeCI,  (mm/yr) 

Std.  Beta-C 

ST  and  STA 

0.1S 

0  00 

Beta-C/ Pd 

ST  and  STA 

0.15 

0.00 

Beta-C/ Ru 

ST  and  STA 

0.17 

0.01 

Electrochemical  Traits 

Alloy  corrosion  potentials  in  hot  acidic  NaCl  brine  are  listed  in  Table  III.  The 
more  noble  (positive)  corrosion  potentials  of  the  enhanced  alloys  are  apparent 
in  the  deaerated  and  aerated  solutions,  especially  with  the  Pd  alloy.  As 
expected,  these  values  correlate  with  alloy  resistance  in  HC1  (Fig.  1). 


Table  III.  Corrosion  Potential  of  Standard  and  Enhanced  Beta-C  Alloys  In 


Acidic  20%  NaCl  Brine  at  90°C 

volts  vs.  Ag/AgCl) 

ALLOY 

CONDITION 

DEAERATED 
(pH  0.5) 

AERATED 
(pH  0.5) 

w/1500  ppm  FeCI, 
(pH  2) 

Std  Beta-C 

ST 

-0.60 

+0.10 

+0.64 

Std  Beta-C 

STA 

-0.58 

+  0.10 

+0.64 

1  ' 

ST 

-0.17 

+0.15 

♦  0.64 

Beta-C/ Pd 

STA 

-0.19 

+0.14 

+0.64 

Beta  C/Ru 

ST 

-0.40 

+0.11 

♦  0.64 

Beta-C/Ru 

STA 

-0.40 

+0.11 

+0.64 

HCI  (wt.%) 


Figure  2  Effect  of  acid  concentiation  on  beta  alloy 
corrosion  rate  in  4.5%  NajMo04-inhibited  HCI 
solutions  at  204°C. 
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No  difference  in 
alloy  corrosion 
potential  is 
observed  when 
FeClj  is  added, 
regardless  of 
metallurgical 
condition, 
indicating  that  the 
Pd  or  Ru  imparts 
no  cathodic 
influence  in  highly 
oxidizing 
environments. 

Other  alloy 
polarization 
characteristics  are 
outlined  in  Table 
IV.  Anodic  passive 
current  density  was 
exceptionally  low 
for  the  P  d  - 
enhanced  Beta-C  in 
both  conditions, 
suggesting 
formation  of  an 
especially  protective 
oxide  film  compared  to  the  other  two  alloys.  Cathodic  Tafel  slope  values, 
however,  are  all  fairly  similar,  indicating  little  influence  of  Pd,  Ru,  or 
metallurgical  condition  on  cathodic  kinetics.  Overall,  this  suggests  that  the 
greater  nobility  and  resistance  of  Pd-enhanced  Beta-C  in  reducing  acids 
results  from  formation  of  a  more  protective  oxide  film,  unlike  the  cathodic 
depolarization  mechanism  classically  associated  with  alpha  and  alpha-beta 
titanium  alloys(41.  Both  anodic  pitting  and  repassivation  (protection)  potential 
values  for  each  alloy  also  proved  to  be  similar  (Table  IV).  Again,  no  significant 
influence  of  precious  metal  or  metallurgical  condition  is  noted.  Anodic  pitting 
values  fall  between  those  for  the  Gr.  2  and  5  Ti  alloys. 

Table  IV.  Other  Beta  Alloy  Polarization  Characteristics  (Volts  vs.  Ag/AgCl) 


Figure  3  Corrosion  rate  and  hydrogen  content  of  beta 
alloys  exposed  to  high  temperature  20%NaOH  solutions. 


II  ALLOY 

CONDI¬ 

TION 

CATHODIC 

TAFEL 

SLOPE* 

ANODIC  BREAK¬ 
DOWN 

POTENTIAL  (V)* 

ANODIC 
REPASS.  POT'L 
(V)“ 

Std  Beta-C 

ST 

0.09 

3.0 

3.0 

Std  Beta-C 

STA 

0.09 

3.2 

3.3 

Beta  C/Pd 

ST 

0.12 

3.1 

3.3 

Beta-C/ Pd 

STA 

0.12 

3.5 

3.3 

Beta-C/Ru 

ST 

0.08 

3.1 

3.5 

Beta-C/Ru 


STA 


0.08 


3.6 


3.' 


Crevice  Corrosion  Resistance 

Approximate  temperature  thresholds  for  crevice  corrosion  for  these  beta  alloys 
are  indicated  in  Figure  4  in  deaerated  sweet  and  sour  20%  NaCl  brines.  Note 

that  both  Pd 
and  R  u 
additions 
elevate 
temperature 
thresholds  by 
approximate¬ 
ly  100°C  over 
the  standard 
alloy  in  either 
brine. 
Resistance  to 
crevice  attack 
even  within 
tight  (worst- 
case)  Teflon 
sheet-to¬ 
rn  e  t  a  1 
crevices  is 
observed 
with  these 
enhanced 
alloys  to 
temperatures 
as  high  as 
246°  -  260°C 
in  the  sour 

brine,  and  even  higher  in  sweet  brines.  Thresholds  for  the  less  severe  metal- 
to-metal  crevices  tested  were  much  higher.  Results  for  ST  and  STA  conditions 
were  similar  in  all  cases.  A  similar  beneficial  effect  of  Pd-enhancement  was 
noted  in  the  deaerated  44%  CaCl,  brine  exposures.  Although  the  standard 
(STA)  alloy  also  resisted  attack  in  the  deaerated  26%  NaCl  and  46%  NaBr 
brines.  Teflon  to  metal  crevice  corrosion  was  observed  in  the  CaCL,  brine  at 
232°C(2).  Crevice  testing  in  low  pH  1-2  oxidizing  NaCl  brine  (containing  FeCl3 
or  Cl,  sat.)  revealed  severe  crevice  attack  for  all  three  beta  alloys  at  90°C.  The 
ST  samples  consistently  displayed  more  extensive  attack  in  all  alloys,  with 
borderline  attack  noted  with  STA  samples  at  pH  2.  Thus,  although  the  Pd  and 
Ru  alloy  addition  offers  no  real  benefit  in  hot  highly-oxidizing  acidic  brines,  it 
is  of  obvious  benefit  in  hot,  reducing  acidic  brines. 


Figure  4  Approximate  temperature  thresholds  for  crevice 
corrosion  and  stress  corrosion  cracking  of  beta  alloys  in 
deaerated  sweet  and  sour  NaCl  brines. 


Hydrogen  Absorption 

Galvanic  coupling  tests  between  these  beta  alloys  and  carbon  steel  (1:1  area 
ratio)  in  deaerated  46%  NaBr  brine  at  232°C  failed  to  reveal  any  significant 
hydrogen  uptake  after  500  hours,  regardless  of  metallurgical  condition.  The 
boiling  2  and  3%  HC1  acid  exposures  on  the  Pd-enhanced  Beta-C  also 
produced  no  significant  hydrogen  absorption  over  the  16  week  exposure  period 
(see  Fig.  5).  The  standard  alloy,  in  contrast,  experienced  continued, 
substantial  absorption  and  eventual  embrittlement  in  the  boiling  1.2%  HC1 
exposure.  Despite  the  finite  corrosion  rate  in  these  reducing  acids,  the  Beta- 
C/Pd  remained  passive  and  appeared  to  maintain  an  oxide  film  which  resisted 
atomic  hydrogen  produced  by  corrosion.  Standard  Beta-C  became  active,  and 
could  not  sustain  a  hydrogen  barrier  film.  These  test  results,  combined  with 
the  hot  caustic  test  data  (see  Fig.  3),  suggest  that  Pd  and  Ru  enhancement 
dramatically  improves  Beta-C's  resistance  to  hydrogen  absorption. 


Resistance  to 
Stress  Corrosion 
(SCC) 

Figure  4  also 
presents 
approximate 
temperature 
thresholds  for 
(STA)  beta  alloy 
SCC  in  deaerated 
sweet  and  sour 
brines  derived 
from  SSR  and  C- 
ring  tests.  Note 
that  SCC 
thresholds  are 
raised  on  the 
order  of  55°C  by 
Pd  or  Ru  alloy 
enhancement  in 
either  brine. 
Although  the 
SSR  test 
thresholds  are 
generally  about 
5  5  °  C  more 
con  servative 
(lower)  than  the 
C-ring  results,  a 
similar 

improvement  in  SCC  threshold  is  observed  with  either  test  method.  Further 
details  of  Beta-C  alloy  SCC  test  procedure  and  data  can  be  found  elsewhere(5). 
The  benefit  of  Pd  alloy  addition  was  similarly  revealed  in  C-ring  exposures  in 
44%  CaCi,  brine  at  232°C.  Standard  Beta-C  (STA)  pipe  cracked,  whereas  the 
Beta-C/ Pd  (STA)  pipe  was  fully  resistant.  Both  alloys  resisted  SCC  in 
concentrated  NaCl  and  NaBr  brines  in  similar  testing  at  232°C. 

Conclusions  and  Applications 

Pd-or  Ru -enhancement  of  Beta-C  titanium  significantly  expands  the  alloy's 
resistance  to  hot  reducing  acids,  and  stress  and  crevice  corrosion  in  high 
temperature  deaerated,  reducing  and/or  sour  brine  media.  With  useful 
temperature  limits  to  at  least  230-260°C,  these  enhanced  Beta-C  alloys 
become  improved  and  ideal  candidates  for  high  strength  production  tubulars 
and  ancillary  downhole  components  for  hypersaline  geothermal  brine  well(l) 
and  deep  sour  gas  well  (2)  service.  The  improved  corrosion  and  hydrogen 
resistance  noted  in  hot  dilute  organic  and  inorganic  reducing  acids  may  be 
attractive  for  chemical  and  organic  compound  synthesis  processes,  where 
titanium  Grades  7  and  12  may  experience  continued  hydrogen  absorption  with 
time.  A  similar  benefit  over  alpha  and  alpha/ beta  alloys  in  resisting  hydrogen 
absorption  is  also  indicated  in  high  temperature  alkaline  solutions  and  merits 
further  evaluation  for  hot  caustic  service.  These  improvements  appear  to  stem 
from  formation  of  a  more  protective  oxide  film,  and  not  cathodic  depolarization 
normally  associated  with  precious  metal  additions  to  titanium.  Alloy 
metallurgical  conditions  tested  had  little  effect  on  overall  alloy  corrosion 
performance.  Alloy  performance  under  oxidizing  conditions  was  also  not 
significantly  influenced  by  Pd  or  Ru  enhancement. 


Figure  5  Absorption  of  hydrogen  with  exposure  time  for 
beta  alloys  in  dilute  boiling  HC1  media. 
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Abstract 

Electrochealcal  behaviors  of  tltanlua  laplantcd  with  aolybdenua  Ions 
or  tantalua  Ions  or  a  coabinatlon  of  the  two  have  been  Investigated  in  a 
sulfuric  acid  solution,  as  a  function  of  flucnccs.  The  aetal lographlcal ly 
polished  surfaces  of  tltanlua  were  exposed  to  aolybdenua  or  tantalua  Ion 
beaas  In  fluence  range  of  X xlO 1 e  to  3xl017  lons/ca7.  Potentlodynaalc 
polarization  curves  of  the  laplanted  speclaens  were  aeasurcd  In  a  boiling 
lOwt*  sulfuric  acid  solution.  The  laplanted  surfaces  were  also  characterized 
by  aoans  of  Auger  electron  spectroscopy  with  an  argon  boabardaent. 

Electrochealcal  aeasureaents  have  revealed  that  aolybdenua 
iaplantatlon  significantly  proaotes  the  passivation  of  tltanlua  with  an 
Increase  of  fluences  and  the  corrosion  potentials  resided  In  the  passive 
region  at  fluences  above  5xl018 lons/ca7  .  Tantalua  iaplantatlon  was  effective 
In  reducing  the  critical  current  densities  for  passivation  and  passive 
current  densities.  These  effects  were  saeared  at  fluences  above 
7x10' 6 lons/ca7 ,  which  was  due  to  decreasing  the  concentration  of  the 
iaplnated  species  by  self-sputtering  effect.  The  polarization  curves  for  the 
co-laplnatcd  speclaens  exhibited  aore  stable  passive  behaviors  with  low 
passive  current  densities.  It  was  concluded  that  excellent  corrosion 
resistance  of  tltanlua  was  achieved  by  coapleaentary  effects  of  aolybdenua 
and  tantalua  Iaplantatlon. 
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Introduction 


Ion  implantation  Is  widely  regarded  as  a  versatile  process  to  offer 
the  capability  In  surface  aodlflcatlon  of  materials.  In  the  process,  the 
desired  surface  properties  of  materials,  such  as  the  wear  resistance  or 
corrosion  resistance  are  enhanced  without  affecting  physical  and  mechanical 
stabilities  of  the  bulk.  Recently,  a  number  of  Investigator  have 
demonstrated  that  Ion  laplantation  has  been  successfully  used  to  laprove  the 
corrosion  resistance  of  aetalsil).  The  beneficial  effect  of  surface  alloying 
using  Ion  laplantation  has  been  first  deaonstratcd  by  Ashworth  et  al.|2). 
Chromium  laplantation  achieved  to  Improve  the  corrosion  resistance  of  Iron 
as  well  as  bulk  alloying  such  as  stainless  steel.  Ferber  et  al.|3]  have 
presented  that  the  corrosion  rate  was  altered  by  Ion  laplantation  with  some 
ion  species,  because  of  Inhibiting  the  hydrogen  evolution  reaction.  Ion 
Implantation  have  been  also  applied  for  improving  the  corrosion  resistance 
of  titaniua|4,5,6| .  Surface  alloying  using  palladium  or  platinum 
laplantation  has  been  found  to  promote  the  passivation  of  titanium  and 
provide  long-term  corrosion  resistance  In  reducing  acids.  It  Is  well-known 
that  addition  of  small  amount  of  palladium  into  titanium  causes  reduction  of 
the  corrosion  rate  In  extreme  conditions|7) .  It  has  been  also  demonstrated 
that  palladium  laplantation  achieved  a  marked  improvement  In  the  resistance 
of  titanium  to  cither  crevice  corrosion  in  hot  chloride  solutions. 

In  the  present  work,  we  have  employed  molybdenum  and  tantalum 
Implantation  In  an  attempt  to  improve  the  corrosion  resistance  of  titanium 
In  reducing  acids  and  examined  the  combined  effect  of  co-implantation  with 
both  of  the  two.  In  order  to  establish  the  clear  picture  of  the  effect, 
potentlodynamlc  polarization  curves  have  been  measured  as  a  function  of 
fluence  in  the  range  of  1x10 1 6  to  3xl0,7ions/cm7.  The  Implanted  surfaces 
have  been  also  characterized  by  using  Auger  electron  spectroscopy  analysis. 

Experimental  Procedure 

Commercially  pure  titanium  (purity;  99. 5\)  was  used  as  the  substrate 
In  the  present  study.  The  specimens  with  dimension  25x25xlmm  were  polished 
metallographically  with  lum  diamond  paste  and  carefully  rinsed  before  Ion 
Implantation.  The  polished  surfaces  were  exposed  to  molybdenum  and  tantalum 
Ion  beams  In  a  vacuum  of  3x10  sPa.  The  implantation  energy  was  50keV  for 
molybdenum  ions  and  45keV  for  tantalum  ions.  Speclmens(A)  were  Implanted 
with  molybdenum  Ions  at  fluence  range  of  lxlO16  and  3x10' 7  ions/cm7,  and 
speclmens(B)  with  tantalum  ions  at  fluences  of  between  lxlO16  and  lxlO17 
ions/cm7.  Combined  Implantation  with  molybdenum  and  tantalum  Ions  into 
speclmcns(C)  was  carried  out  in  the  same  fluence  range  for  molybdenum  and 
tantalum  Implantation.  The  temperatures  of  the  specimens  were  kept  below 
100°C  during  implantation  by  intimate  contact  with  a  water  cooled  holder. 

The  compositional  depth  profiles  for  the  Implanted  surfaces  were 
determined  by  means  of  a  sequential  Auger  electron  spectroscopy  (AES) 
technique  with  argon  Ion  bombardment.  An  argon  sputter  gun  was  operated  at  a 
3kV  potential  with  a  25mA  beam  current,  which  corresponded  to  an  etch  rate 
of  approximate  55  A/mln  for  titanium. 

Potentlodynamlc  polarization  measurement  has  been  performed  for  the 
Implanted  surfaces  In  a  boiling  10wt\  sulfuric  acid  solution.  The  anodic  and 
cathodic  potential  scanning  with  a  sweep  rate  of  40mV/mln  were  started  from 
the  corrosion  potentials  after  keeping  for  three  minutes  under  open-circuit 
condition.  All  the  potentials  were  measured  with  respect  to  a  Ag/AgCl 
electrode  and  a  platinum  sheet  was  used  as  a  counterelectrode. 


Results  and  Discussion 


Prior  to  electrochemical  measurements,  AES  analysis  was  carried  out 
for  each  Implanted  specimen.  The  typical  compositional  depth  profiles  for 
spocimens(AMR)  and  (C)  are  shown  in  figure  1.  In  the  specimen(A),  the 
Implanted  molybdenum  species  at  fluence  of  3xl0o7 lons/cm2  were 
asymmetrically  distributed  around  a  peak  at  the  depth  of  70A.  This  depth  was 
not  coincided  with  the  estimated  value  of  220A  from  TRIM  simulatIon|8] . 
Self-sputtering  effect,  which  caused  removal  of  the  implanted  species  from 
the  surface,  was  enhanced  at  such  higher  fluences.  This  was  true  for 
tantalum  implantation.  The  profile  of  Implanted  tantalum  species  showed  the 
asymmetric  distribution  around  a  concentration  peak.  It  was  consplcuosly 
caused  by  elimination  of  Implnated  species  at  fluences  above  7xlOl6lons/cm2 . 
The  profile  for  the  co- Implanted  specimens  is  shown  In  figure  1(c),  where 
tantalum  Ions  were  subsequently  Implanted  into  the  molybdenum  Implnated 
specimen.  It  was  presented  that  the  molybdenum  concentration  was 
considerably  reduced  by  tantalum  Implantation,  of  which  sputtering  effect  Is 
more  effective  in  removal  of  the  surface  species. 

Corrosion  properties  were  studied  by  measurements  of  potentlodynamlc 
polarization  curves.  Figure  2  shows  the  result  obtained  from  the  tantalum 
implanted  specImens(A) .  The  curve  obtained  from  the  unimplanted  was  also 
shown  for  comparison.  The  corrosion  potentials  of  the  tantalum  Implanted 
specimens  were  gradually  shifted  to  the  less  noble  side  In  the  first  ten 
minutes  during  Immersion.  The  curves  shown  in  figure  2  were  obtained  after 
the  first  three  minutes  Immersion.  The  corrosion  potentials  were  slightly 
shifted  In  the  noble  direction  with  fluence  up  to  5x10' BIons/cm2 ,  In 
accompanied  with  suppression  of  the  critical  current  densities.  At  higher 
fluences,  the  critical  current  densities  increased  and  the  curves  became 
closer  to  the  unlmplanted.  This  was  due  to  the  removal  effect  of  sputtering 
Introduced  by  tantalum  Implantation  at  higher  fluences.  The  tantalum 


Figure  1  -  Compositional  depth 
profiles  of  the  specimen 
Implanted  with  (a)molybdenum, 
(b)tantalum  and  (c)comblnatlon 
of  these  species,  obtained  by 
a  sequential  AES  analysis. 
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implantation  at  relatively  lower  fluences  was  effective  in  reducing  the 
anodic  current  densities  in  the  active  and  passive  region  of  titaniui. 

Figure  3(a)  and  (b)  shows  the  anodic  and  cathodic  polarization  curves 
of  the  molybdenum  implanted  specimens(B) ,  respectively.  At  fluences  below 
5x10' 6  ions/cm2,  the  polarization  behaviors  were  found  to  be  almost  the  same 
as  for  the  unimplanted,  showing  the  active  dissolution  followed  by 
passivation.  At  such  fluences,  the  active-passive  transition  region  became 
narrower  with  an  Increase  of  fluences  and  the  corrosion  potentials  were 


Figure  2  -  Cathodic  and  anodic 
polarization  curves  from  the 
tantalum  Implanted  and  unimplanted 
titanium  In  boiling  10wt\  sulfuric 
acid. 
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Figure  3  -  (a)Cathodic  and  (b)anodic  polarization  curves  from  molybdenum 

implanted  and  unimplanted  titanium  in  boiling  I0wt%  sulfuric  acid. 
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'shifted  to  the  critical  potential  for  passivation.  The  corrosion  potential 
at  fluence  of  SxlO'Mons/ca2  was  resided  in  the  passive  region  of  titaniua. 
Upon  decreasing  the  potential  froa  the  corrosion  potential,  the  polarization 
curve  exhibited  the  alternative  current  densities  as  shown  in  figure  4(a). 
The  cathodic  current  density,  which  had  a  peak  at  -0.25V,  appeared  in  the 
region  of  between  -0.2V  and  -0.4V  before  reaching  activation.  The  active 
dissolution  followed  in  the  further  less  noble  potential  region  and  then  the 
cathodic  current  density  rose  again  due  to  the  hydrogen  evolution  reaction. 
This  behavior  could  be  interpreted  as  a  result  that  aolybdenua  iaplantation 
introduced  the  shift  of  the  aixed  potential  in  the  aodlfled  surface  to  that 
of  pure  aolybdenua  and,  hence  partial  anodic  and  cathodic  polarization 
curves  intersected  at  the  three  potentials.  At  fluences  of  lxlO17  lons/ca2, 
no  net  active-passive  transition  region  was  observed  as  can  be  seen  in 
figure  3.  Molybdenua  iaplantation  at  fluences  above  this  Introduced  the 
coaplete  passive  behavior  of  titaniua.  The  second  active  peaks  due  to  active 
dissolution  of  laplanted  aolybdenua  species  were  appeared  in  the  vicinity  of 
0.1V,  corresponded  to  the  corrosion  potential  of  pure  aolybdenua.  These 
results  froa  aolybdenua  iaplantation  were  in  agreeaent  with  that  of 
aolybdenua  alloying  addition  to  tltanlua|9]. 

The  polarization  curves  for  speciaens(C) ,  co-iaplanted  with  tantalua 
and  aolybdenua  ions,  were  shown  in  figure  4  and  5,  respectively.  The 
corresponded  curves  for  aolybdenua  laplanted  speclaens  were  superiaposed. 
In  figure  4,  the  fluence  of  aolybdenua  iaplantation  was  fixed  at  3xl016 
lons/ca2  and  tantalua  ions  were  laplanted  additionally  at  various  fluences. 
The  corrosion  potentials  were  slightly  shifted  froa  the  aolybdenua  laplanted 
speclaens(B) .  However,  the  critical  current  densities  were  significantly 
decreased  with  tantalua  fluence.  The  second-active  peak,  which  was  due  to 
the  dissolution  of  aolybdenua  was  disappeared  for  co-iaplnated  speclaens (C) 
and  the  current  densities  In  passive  region  were  suppressed  gradually  with 
tantalua  fluences.  For  aolybdenua  iaplantation  with  higher  fluences,  the 
corrosion  potentials  were  resided  in  vicinity  of  0V  and  the  cathodic  and 
anodic  curves  displayed  the  stable  passive  corrosion  behavior.  The 
additional  tantalua  iaplantation  reduced  the  passive  current  densities  in 
conjunction  with  reduction  of  the  second-peaks.  The  passive  behavior  with 
lower  passive  current  was  obtained  at  tantalua  fluence  of  5x10' 6 ions/ca2 . 
The  current  densities  in  the  passive  region  with  such  tantalua  fluence  was 


Figure  4  -  Polarization  curves  froa 
titaniua  co-iaplanted  with  aolybdenua 
and  tantalua  ions,  where  fluence  of 
aolybdenua  iaplantation  is  fixed 
at  3xl018  ions/ca2 . 
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reduced  by  approximate  one  order.  For  higher  tantalum  fluence,  the  anodic 
curves  were  not  varied  from  the  stable  behavior  and  the  cathodic  curves  were 
alternated.  This  Is  thought  to  be  caused  by  eliminating  the  Implanted 
species  from  modified  surfaces,  which  was  introduced  by  sputtering  effect  at 
higher  tantalum  fluence. 


Figure  5  -  (a)  Cathodic  and  (b)anodlc  polarization  curves  from  titanium  co- 
lmplanted  with  molybdenum  and  tantalum  Ions,  where  fluence  of  molybdenum 
Implantation  Is  fixed  at  3x10' 7lonB/cm* . 


conclusion 

It  has  been  demonstrated  In  the  present  work  that  the  electrochemical 
behavior  of  titanium  is  significantly  affected  by  implantation  with 
molybdenum,  tantalum  and  a  combination  of  these  species.  Tantalum 
implantation  effectively  suppressed  dissolution  of  titanium  In  active  and 
passive  regions.  Molybdenum  Implantation  promoted  the  passivation  of 
titanium  through  shifting  the  corrosion  potential.  Titanium  co-implanted 
with  tantalum  and  molybdenum  ions  exhibited  complete  passive  behavior  with 
extremely  low  passive  current  densities,  as  a  consequence  of  the  combined 
effect  of  these  Implantation.  However,  It  was  noted  that  the  combined  effect 
was  smeared  at  higher  fluence  through  the  removal  by  sputtering. 
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Abstract 


A  systematic  study  was  undertaken  to  clarify  the  effects  of  beta  stabilizing 
elements  on  SCC  susceptibility  of  id -base  titanium  alloys  in  3.5  %  NaCl  aq. 
sol.  which  was  evaluated  by  low  cycle  fatigue  testings.  It  has  been  corrobo¬ 
rated  that  eutectoid  beta  stabilizers  (Fe,  Cr)  are  provoking  SCC  susceptibi¬ 
lity  whereas  the  reverse  is  true  for  isomorphous  ones  (Mo,  V).  However  the 
effects  of  beta  stabilizers  were  found  to  relate  with  their  concentrations 
in  el  -solid  solution  to  be  in  great  dependance  of  certain  hot  processing 
peculiarities. 


Introduction 


It  is  well  known  that  some  d.  -base  titanium  alloys  are  sensitive  to  stress 
corrosion  cracking  (SCC)  in  chloride  solutions  /I/.  For  Ti-Al  alloys  the 
phenomenon  was  found  to  originate  from  either  the  ordering  of  -solid  so¬ 
lution  or  the  dispertion  precipitation  of  Ti3Al  coherent  particles  (c(2- 
phase)  121.  These  processes  are  stipulated  by  high  aluminium  content  as  well 
as  other  alpha  stabilizers  and  occur  during  aging  at  about  500°C.  Much  less 
is  known  relative  to  the  effect  of  beta  stabilizing  elements.  As  generally 
accepted  isomorphous  beta  stabilizers  (Mo,  V,Ta,Nb)  unlike  eutectoid  beta 
stabilizers  (Cr,  Co,  Ms,  Fe  etc.)  are  capable  to  mitigate  or  even  suppress 
SCC  /I, 21.  However  some  experimental  results  are  questioning  the  rule.  This 
study  was  aimed  to  clarify  the  effect  of  beta  stabilizers  on  SCC  in  3*5  per 
cent  sodium  chloride  aqueous  solution. 

Experimental  Procedure 


Titanium  alloys  containing  various  amounts  of  beta  stabilizing  elements  (Mo, 
V,  W,  Fe,  CR)  with  6  wt.  per  cent  aluminium  as  a  constant  addition  were 
double-arc  vacuum  melted  into  ingots  of  10  kg  weight,  which  were  further 
forged  to  20  mm  diameter  rods.  Some  large  sized  Ti-6Al-2Mo  forgings  have 
also  been  investigated.  Admitting  that  SCC  in  its  strict  meaning  is  to  be 
evaluated  by  the  fracture  toughness  test  we  nevertheless  have  chosen  other 
method  by  measuring  low  cycle  fatigue  life  in  air  and  3.5  %  NaCl  aq.sol. 

Cost  saving  considerations  and  practical  value  of  the  fatigue  testing  re- 
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suits  as  well  as  their  correlation  to  the  fracture  toughness  test  results 
altogether  have  determined  that  choice. 

Fatigue  tests  were  performed  by  the  axial  tensile  cyclic  loading  of  notched 
specimens  (5  nri  of  diameter,  stress  concentration  coefficient '“3,6)  with 
1  cycle  per  minute  frequency  under  the  nominal  stress  amplitude  of  0.7  of 
the  yield  strength.  The  ratio  of  life  to  fracture  in  3.5  %  NaCl  ao..  sol.  and 
air  was  taken  as  a  measure  of  SCC  susceptibility.  X-ray  microspectroscopy 
studies  were  carried  out  using  Superzond  73?  unit  with  15  kv  accelerating 
voltage.  Electrochemical  measurements  were  performed  by  detecting  potential 
on  the  previously  oxidized  samples  in  3.5  %  NaCl  aq.sol.  during  bending. 

Results 


It  has  been  found  that  isomorphous  beta  stabilizers  additions  (Mo,V)  impro¬ 
ved  SCC  resistance  of  the  alloys  investigated  whereas  eutectoid  beta  stabi¬ 
lizers  (Cr,  Fe)  decreased  sharply  the  characteristic  (see  Figure  1).  There 


Figure  1  Effect  of  beta  stabilizers  on  the  low  cycle  fatigue  life 
susceptibility  to  3.5  %  NaCl  aq.  sol. 

seemingly  exists  some  amount  of  isomorphous  beta  stabilizers  for  the  given 
aluminium  content  to  be  critical  in  respect  of  SCC  suppressing.  Having  been 
introduced  together  eutectoid  and  isomorphous  beta  stabilizers  mitigated 
their  actions  reciprocally.  Quasi-isomorphous  beta  stabilizer  tungsten  was 
found  to  produce  more  complex  effect.  Electrochemical  experiments  have  re¬ 
vealed  the  displacement  of  potential  in  the  negative  direction  which  was 
much  more  significant  in  case  of  eutectoid  beta  stabilizers  compared  with 
isomorphous  ones  (see  Figure  2).  Interesting  results  have  been  obtained 
when  studying  the  effect  of  cooling  rate  on  SCC  susceptibility.  The  experi¬ 
ment  was  investing  the  alloys  at  the  temperature  of  above  beta  trunsus 
(  1000-1050  C  depending  on  the  chemical  composition)  followed  by  water  quen¬ 
ching,  air  cooling,  furnace  cooling  and  step  furnace  cooling  (500,  100,  3.0 
and  0.3  grade/min  rate  respectively)  down  to  650°C  .Then  aging  at  500°C  for 
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Figure  2  a)  Effect  of  continiously  imposed  stress  on  the  electro- 

chemical  potential  in  3.5  %  NaCl  aq.sol.  b)  Principal  scheme 
of  the  experiment.  1  -  sample,  2  -  3.5  %  NaCl  aq.sol., 

3  -  loading,  4  -  electrode,  5  -  potentiometer. 

100  hours  was  given  in  order  to  provoke  d  -solid  solution  ordering.  As  may 
be  seen  from  Figure  3  the  fast  cooling  made  the  alloys  containing  isomorpho- 
us  beta  stabilizers  substantially  immune  to  SCC  whereas  quite  opposite  effect 
was  observed  in  case  of  the  eutectoid  beta  stabilizers. 

However,  as  the  cooling  rate  decreased  the  effect  of  various  beta  stabili¬ 
zers  was  less  profound  and  SCC  susceptibility  for  all  alloys  investigated 
was  close  enough  at  the  lowest  cooling  rate.  Microstructural  changings  as 
influenced  by  the  rate  variations  are  shown  in  Figure  4.  X-ray  microspectro¬ 
scopy  have  revealed  a  great  deal  of  alloying  elements  redestribution  in  case 
of  the  low  cooling  rates  (see  Figure  5).  As  cooling  rate  decreases  the 
d  -phase  becomes  more  depleting  for  beta  stabilizers  as  well  as  enriching 
for  alpha  stabilizers.  The  influence  of  annealing  temperature  on  the  low 
cycle  fatigue  life  in  the  corrosive  environment  with  and  without  molybdenum 
alloying  additions  is  shown  in  Figure  6.  There  exists  a  significant  drop  of 
the  property  when  the  alloy  was  heated  high  in  (d+fi  )  -  field  followed  by 
aging  provoking  d  -solid  solution  ordering  reaction.  The  fatigue  life  in  air 
was  found  to  be  little  affected  by  the  annealing  temperature  variations. 

Also  Figure  6  displays  data  for  T1-6A1  alloy  for  comparition.  Table  1  shows 
results  of  testing  of  two  large-sized  Ti-6Al-2Mo  bars  which  were  different 
in  that  one  of  its  was  beta  processed  whereas  another  was  processed  at  the 
temperatures  below  beta  transus  during  final  stages  of  forging. 

Shown  in  Figure  7  micrographs  were  made  by  secondary  electron  microscopy 
technique.  The  black  and  white  contrast  produced  is  a  result  of  alloying 
element  redistribution. 
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Figure  5  Effect  of  cooling  rate  after  beta  heating  on  the  alloying 
elements  content  in  </  -phase. 


Figure  6  Effect  of  temperature  on  the  low  cycle  fatigue  life  in 
3.5  %  NaCl  aq.  sol.a,o  -  as  annealed  condition;  - 
after  aging  for  500°C  during  lOOh. 


Figure  7  Microstructural  images  of  forging  No  1(a)  and  Nc  2(b) 
(see  Table  1). 


Table  1  The  mechanical  properties  of  some  Ti-6Al-2Mo  forgings 


N*  for¬ 
ging 

Final  forging 
£emperature. 

UTS, 

MPa 

YTS, 

MFa 

EL 

% 

RA 

% 

KCU 

joule 

UjJ 

Number  of  cycles 
to  failure 

In  air 

•a  3.5% 
NaCl 

1 

1000-1020 
i<*  '--pro¬ 

cessing 

876 

851 

12.3 

27.5 

55 

1870 

380 

1090-1060 
( f  -  pro¬ 
cessing) 

896 

823 

12.2 

29.7 

69 

2030 

1690 

Discussion 


The  results  obtained  have  corroborated  the  fact  that  the  additions  of  iso- 

•  dL  -■ 

titaniun  alloys  made  them  less  sensitibe  or  even  devoid  of  SCC.  In  contrast 
to  that  eutectoid  beta  stabilizers  were  found  as  greatly  enhancing  SCC  sus¬ 
ceptibility.  It  is  well  known  that  quasy  equilibria  conditions  provided  be- 

fl  -  ck  - 

d  -  - 

lid  solution  substantially  depriving  of  beta  stabilizers.  The  structure 
cnanges  corresponding  the  rate  variations  were  almost  the  same  for  alloys 
containing  isomorphous  as  well  as  eutectoid  beta  stabilizers  -  the  coarse- 
■  ai  -  ■  .  .  •  . 

f  beta  stabilizers  in  respect  of  SCC  susceptibility  relates  with  their  con- 
•ent  :n  d  -phase. 

'  al  - 

into  consideration.  It  should  be  noted  here  that  certain  aging  procedure  is 
necessary  to  provoke  SCC.  The  mechanism  of  beta  stabilizers  influence  on 
"CC  is  probably  related  with  electrochemical  processes  (see  Figure  2).  The 

f  d  -base 

d- 

if  practically  unsesceptible  to  SCC  material  is  to  be  produced. 


2.116 


Summary 

The  experimental  results  obtained  have  corroborated  the  general  rule  that 
eutectoid  and  isomorphous  beta  stabilizers  produce  quite  different  effect 
on  SCC  susceptibility  (including  low  cycle  fatigue  life  susceptibility  to 
3.5  %  NaCl  aq.sol.)  -  enhancing  and  eliminating,  respectively.  The  results 
also  showed  that  the  effect  of  beta  stabilizers  is  dependent  of  its  content 
in  d  -phase  (besides  other  factors).  Thus  in  order  to  obtain  maximum  effect 
from  isomorphous  beta  stabilizers  additions  in  respect  of  suppressing  SCC 
susceptibility  the  supersaturation  of  •(  -solid  solution  for  these  element  is 
to  be  provided.  In  particular  long-term  exposures  high  in  («<  *fi  )-field 
should  be  removed  because  of  d  -solid  solution  depletion  of  isomorphous  beta 
stabilizers. 
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Abstract 

Electrocheiical  behaviors  of  titaniui  coated  lith  TiN  in  a  boiling 
5%  HC1  solutionhave  been  Invest igated.  The  letal  lographical ly  polished 
surfaces  have  been  coated  with  TiN  1  u  ■  in  thickness  by  using  a  reactive 
RF  sputtering  lethod.The  specimens  coated  under  various  conditions  »ere 
■easured  using  potent iodynaiic  polarization  curves  and  sere 
characterized  by  X-ray  diffract ion(XRD)  and  X-ray  photoelectron 
spectroscopy(XPS)  techniques. 

It  «as  found  that  TiN  fills  reiarkably  Inhibited  the  active 
dissolution  of  titaniui. and  the  coating  conditions  affected  the 
electrocheiical  behavior  of  titaniui  coated  with  TiN. The  bias  voltages, 
ihich  aere  applied  to  the  speciiens  during  coating,  could  significantly 
affect  the  crystal  orientation  and  composition  of  TiN  fills. The 
preferred  orientation  of  (111)  *as  exhibited  as  the  bias  voltage  applied 
and  the  anodic  current  density  tas  decreased  accompanied  by  the 
orientation. 
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1  n t rod uc t  Ion 


It  has  been  demonstrated  that  titanium  has  superior  corrosion 
resistance  to  oxidizing  acids  and  chloride  solutions  in  the  service 
env i ronment .  In  a  non-oxidizing  acid  such  as  hydrochloric  acid  and 
sulfuric  acid,  titanium  may  corrode  under  conditions  of  high 
concentration  and  temperature. 

A  number  of  investigations  have  been  made  in  an  attempt  to  improve 
the  corrosion  resistance  of  titanium  by  alloying  it  with  paladium  ”, 
nickel  and  molybdenum*1 .  1 1  has  also  been  reported  that  corrosion 
resistance  of  titanium  mas  improved  with  thermal  ox  Ida t ion*’ .  and  coating 
with  PdO/TiO,*’. 

The  coating  of  various  kinds  of  ceramics  by  CVD(Chemical  Vapor 
Deposition)  and  PVDiPhysical  Vapor  Deposition)  techniques  is  expected  to 
increase  the  corrosion  resistance  of  titanium.lt  has  already  been 
recognized  that  the  corrosion  resistance  of  steel  and  stainless  steel 
using  these  techniques". 

The  corrosion  behaviors  of  metals  coated  with  ceramics  have  been 
reported  in  related  to  process  condi t ions. There  are  seldom  reports 
correlating  corrosion  resistance  mith  film  characteristics  (for  example 
crystal  or i en tat  ion.  f i lm  composition). 

In  the  present  fork. me  prepared  TIN  coated  titanium  by  using  a 
reactive  RF  sputtering  method. and  investigated  the  corrosion  behaviors 
of  the  specimens  by  using  electrochemical  polarization  measurements. TiN 
mas  chosen  as  test  films  because  of  its  chemical  stability  and  its  good 
adherence  to  titfnium  substrate. 

Experimental  Procedures 

Commercially  pure  t 1 taniumfASTM  Grade  3)  mas  used  as  test  material. 
Before  coating,  the  substrates  mith  dimension  3t  x  1 8  x  lmm  mere  polished 
with  emery  paper  *400  follomed  by  rinsing  and  degreasing. 

Pre-bombardment  mas  carried  out  in  an  argon  atmosphere  of  about  2 .  7 Pa 
for  5  minutes,  and  then  the  vacuui  chamber  mas  evacuated  to  a  vacuum  of 
lx  lO'*Pa.The  coatings  mere  formed  by  the  reactive  RF  sputtering  method 
in  an  Ar-N  atmosphere  of  about  2.  7  x  10' 1  Pa. Commerc ially  pure  titanium 
(ASTM  Grade  1)  mas  used  as  a  target  material. As  shomn  In  table  l.tmo 
process  parameters,  n  i  t rogen  flom  rate  and  bias  voltage. mere  varied. The 
film  thickness  mas  controlled  about  l#m. 

The  anodic  polarization  curves  of  these  specimens  mere  measured 
po t en t i odynam i ca 1 1 y  in  a  boiling  5X  HCt  solution. The  smeep  rate  mas 
0.  05V/mln. The  potential  mas  measured  mith  reference  to  a  Ag/AgCl 

Table  I  Process  condition 


Parameter 

Condition 

N  i  trogen  f lom  rate 

7.  5~  19.  2SCCM 

Bias  v o  1  tage 

0 ~  - 1 50  V 

Process  pomer 

2000* 

Pressure  Pre-bombardment 

2.  7 Pa 

Coat  i  ng 

2.7X10  ’Pa 

P  re-bombardment  time 

5  min 

2,120 


Current  density  (A/  m2) 


electrode  and  a  platinui  aheet  aaa  used  aa  the  counter  electrode. 

The  cryatal  orientation  and  coapoaition  of  film  vere  characterized 
by  X-ray  di f f rac t  ion ( XRD) . fe  aiao  carried  out  X-ray  photoelectron 
spectroscopy(XPS)  to  eaaiine  the  fill  coapoaitiona  of  near  surface  layer 
of  TiN  film,  ahich  electrolysed  at  constant  potentials  in  a  boiling  St 
HC1  solution. 


Results  and  discussion 


He  controlled  the  fill  thickness  at  about  1  u  a  and  confined  that 
the  influenceof  the  pin  hole  sas  negligible  at  such  thickness  by 
■easureaent  of  the  anodic  polarization  curves  of  titaniua  coated  with 
TiN  and  glass  coated  with  TIN. 

Potentiodynaiic  polarization  leasureient  has  been  lade  for  the 
specimens  deposited  at  various  bias  voltages  in  order  to  understand  the 
effects  of  bias  voltage. 

Figure  1  shots  the  anodic  polarization  curves  of  titaniua  and  TiN 
coated  titaniua  which  were  deposited  at  various  bias  voltages  (O' —  150V) . 
The  corrosion  potential  of  the  specimens  coated  with  TiN  resided  in 
the  passive  region  of  titaniua.  and  as  a  consequence,  the  active-passive 
transition  region  di sappeared.  The  potentials  were  shifted  in  the  noble 
direction  with  the  bias  voltage  in  conjunction  with  a  decrease  of  anodic 
current  density. 

Figure  2  shows  the  anodic  polarization  curves  of  TiN  coated  titaniua 
which  was  deposited  under  various  nitrogen  flow  r  a  t  es  (7.  5—  1 9.  2  SCCM) . 

The  variation  of  nitrogen  flow  rate  during  coating  slightly  affects 
polarization  behavior  in  coaparison  with  the  speciaens  coated  at  various 
bias  voltages. 

As  can  be  seen  in  figure  1  and  2,  as  the  potential  increased,  the 
anodic  current  density  of  speciaens  rapidly  increased. and  then  the 
anodic  current  density  was  saturated  when  the  potential  was  in  the 


Figure  1  -  Influence  of  bias  voltage  on  figure  2  -  Influence  of  nitrogen  flow  rate 
anodic  polarization  curves.  on  anodlc  polarization  curves. 
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vicinity  of  0.5V. 

In  order  to  understand  these  behaviors. an  XPS  analysis  tas  carried 
out  for  the  spec  imens, which  sere  electrolyzed  at  a  potential  of  0  and 
0.  5V. The  compos i t  i  ona 1  depth  profiles  obtained  from  the  near  surface 
layers  are  presented  In  figure  3. The  compositional  depth  profile  of  the 
specimen  which  mas  electrol ized  at  0V  tas  hardly  changed  from  the 
unelectrol ized  specimen. For  the  specimen  electrolized  at  a  of  0.5V.  the 
depth  profile  *as  significantly  changed.  o» i gen  displaced  nitrogen  in  the 
near  layer  surface  of  TIN. 

The  rapid  increase  of  anodic  current  density,  then,  is  due  to  the 
decomposition  reaction  of  the  TIN. while  the  region  of  constant  current 
density  is  due  to  the  forming  of  TiOt  film  at  the  surface  of  the  TIN 
film. 

He  evaluate  'corrosion  current  density*  thich  tas  defined  as  the  anodic 
current  density  at  the  corrosion  potent i a  1 +0. 05V  and  'decomposition 
current  density*  thich  tas  defined  as  the  anodic  current  density  at  0.5V. 

Figure  4  shots  the  corrosion  current  density  and  the  decomposition 
current  density  of  the  specimens  coated  as  a  function  of  the  nitrogen 
flot  rate  and  the  bias  voltage.  As  the  nitrogen  flot  rate  increased,  the 
corrosion  current  density  decreased. thi le  the  decomposition  current 
density  slightly  decreased.lt  tas  found  that  the  corrosion  current 
density  and  decomposition  current  density  significantly  decreased  then 
bias  tas  app 1 i ed. Hotever.  t he  change  of  these  current  densities  tas  not 
observed  at  various  bias  voltages.lt  tas  found  that  deposition  tlth 
bias  tas  most  effective  in  decreasing  the  corrosion  current  density  and 
the  decomposition  current  density. 

In  order  to  further  understand  the  dependence  of  these  current 
densities  on  the  process  condi t ions,  the  crystal  orientation  and  the 
lattice  parameters  of  the  TIN  films  tere  determined  by  XRO. Figure  5 
shots  the  XRD  result  obtained  from  the  specimens  coated  at  various  bias 
voltages.  The  intensity  of  the  (200)  peak  decreased  as  the  bias  voltage 
increased. and  the  intensity  of  the  (111)  peak  relatively  increased. 

Figure  6  shots  the  intensity  ratio  1 ( 200 )/l ( 1 1 1 )  and  the  lattice 
parameters  of  TIN  films  deposited  at  various  bias  voltages.lt  is  tell 
knotn  the  lattice  parameter  tas  proportional  to  the  composition  of  TiN. 
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Figure  3  •  Depth  profiles  of  unlmmersed  and 

electrolyzed  titanium  coated  with  TIN 
obtained  by  sequential  XP8  analysis. 
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Figure  4  •  Influence  of  nitrogen  flow  rate  and  Mae 
voltage  on  anodic  polarization  curves. 
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Figure  5  -  X-ray  diffraction  pattarna  of 
titanium  coated  with  TIN  at 
varioua  bias  voltages. 
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Figure  7  •  Influence  of  nitrogen  flow  rate 
on  X-ray  diffraction  patterns  and 
lattice  parameter  of  TIN  films. 
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Figure  6  -  Influence  of  bias  voltage  on 
X-ray  diffraction  patterns  and 
lattice  parameter  of  TIN  film. 
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The  lattice  paraaeters  were  calculated  froa  the  peak  positions  of  each 
crystal  plane. The  preferred  orientation  of  (111)  tas  suddenly  exhibited 
■  hen  the  bias  voltage  tas  applied. The  lattice  paraaeters  Increased  as 
the  bias  voltage  increased  in  the  range  of  betaeen  OV  and  -60V.  and 
decreased  at  -ISO  V.The  intensity  ratio  I  ( 2 0 0 ) / 1  (1  1  1  )  in  figure  6  varied 
in  correlation  «ith  the  variation  of  the  anodic  current  density  as  a 
function  of  the  bias  voltage  in  figure  4.  It  tas  found  thatTiN  files  with 
the  (111)  preferred  orientation  tere  significantly  effective  in 
decreasing  the  anodic  current  density. 

Figure  7  shots  the  intensity  ratio  and  the  lattice  paraaeters  of  TiN 
filas  deposited  under  various  nitrogen  flot  rates  tithout  bias  voltage. 
Although  no  influence  of  the  nitrogen  flot  rate  on  the  preferred 
orientation  of  TiN  fila  tas  observed,  the  lattice  paraaeter  increased 
tith  the  increasing  nitrogen  f lotrate.  Coaposi t ional  change  of  nitrogen 
in  TiN  fila  is  coaparable  tith  that  of  anodic  current  dens  i  t  i  es. The 
increase  of  the  lattice  paraaeter(ni  trop.en  content)  tas  found  to 
suppress  the  current  densities  tithout  bias  voltage.lt  tas  noted  that 
the  bias  voltage  applied  during  deposition  had  influence  on  the 
properties  of  TiN  filas. The  preferred  orientation  appearing  in  TiN  fila 
had  a  stronger  correlation  to  the  behavior  of  the  anodic  current 
densities  than  to  the  change  of  the  lattice  paraaeter. The  anodic  current 
densities  decreased  tith  the  increase  of  nitrogen  flot  rate  through  the 
increase  of  lattice  paraaeters,  then  no  bias  voltage  tas  applied  during 
depos  i  t  ion. 

Okaaoto  et  a  1 . * ’  proposed  that  the  crystal  planes  having  large 
atoaic  densities  tere  tore  corrosion  resistant  than  the  planes  having 
stall  atoaic  dens i t i es. The  (111)  plane  of  TiN.thich  had  a  fee  crystal 
structure,  then. tas  aore  corrosion  resistant  than  other  crystal  planes. 

Hotever. D. Wang  et  a  1 . * ’  reported  that  the  TiN  filas  thich  exhibited 
a  preferred  orientetion  of  (200)  deposited  by  reactive  ion  plating  tere 
aore  corrosion  resistant  than  the  (111)  oriented  filas  in  0. 5N  Na.SO.. 

In  our  investigation. the  TiN  filas  thich  exhibited  a  preferred 
orientation  of  (111)  had  tore  excellent  corrosion  resistance  than  the 
(200)  oriented  filas  in  hX  HCl.We  conside  the  activation  energy  of 
corrosion  reactions  of  each  crystal  piane  to  be  different  in  various 
corrosion  environaents.  In  our  investigation's  environaents(boi  led  5X 
HCD.the  activation  energy  of  the  (111)  plane  aight  be  larger  than  that 
of  the  (200)  plane. 


Conclusions 


It  tas  found  that  TiN  filas  reaarkably  inhibited  the  active 
dissolution  of  titamua  and  the  cutting  conditions  affected  the 
clectrocheaical  behavior  of  TiN  cotted  titaniua.  The  bias  voltages  could 
significantly  affect  the  crystal  orientation  and  coaposition  of  TiN 
filas. The  preferred  orientation  of  (111)  tas  exhibited  as  the  applied 
bias  voltage  and  the  anodic  current  densities  decreased  together  tith 
the  or i en ta t ion. The  preferred  orientation  of  (111)  tas  a  tore  doainant 
factor  governing  the  decrease  of  anodic  current  density  than  the 
coaposition  of  TiN. 
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Abstract 

Plasma  nitriding  technique  has  been  employed  to  improve  the  surface  quality  of  titanium 
alloys.  The  technique  represents  a  plasma  assisted  thermochemichal  treatment  process  in 
which  glow  discharge  nitrogen  is  allowed  to  diffuse  into  the  surface  of  the  titanium  component 
to  form  a  Ti?-Ny  surface  layer.  The  structuie  and  composition  of  the  plasma  nitrided  titanium 
have  been  investigated  by  means  of  me  allographs  examination  and  X-ray  diffraction 
analysis.  Plasma  nitriding  of  titanium  alloys  resulted  in  the  formation  of  a  duplex  compound 
layer,  consisting  of  an  outermost  golden  5-TiN  layer  lying  on  the  top  of  a  lower  layer  of 
compound,  having  a  silvery  appearance  yt d  consisting  of  6-TiN  +  e-T^N.  This  observation 
that  the  inner  compound  layer  is  two  phased  is  reported  for  the  first  time. 
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Introduction 

In  recent  years,  several  methods  of  surface  alloying  with  nitrogen  have  been  used  and 
successfully  employed  to  produce  titanium  surfaces  with  lower  friction  and  minimal  wear  in 
sliding.  In  particular,  the  benificial  effect  of  glow  discharge  nitriding  on  the  tribological 
properties  of  sliding  surfaces  of  titanium  components  has  been  observed  in  several  studies^* 


In  the  plasma  nitriding  of  unalloyed  titanium,  the  phases  present  will  be  governed  by  the  Ti-N 
binary  system!  )  (Fig.  1 ).  When  Ti  6A1  4V  is  nitrided  the  reactions  must  be  generally  similar, 
although  the  equilibria  will  be  modified  by  the  presence  of  aluminium  and  vanadium.  At  the 
beginning  of  the  plasma  nitriding  process,  high  energy  nitrogen  ions  react  with  titanium  on  the 
surface  to  form  an  outer  layer  of  the  highest  nitride,  8-TiN.  This  layer  prevents  any  further 
nigh  energy  nitrogen  ions  which  strike  the  surface  from  reacting  directly  with  titanium  atoms 
to  form  further  titanium  nitride.  Growth  of  the  layer  takes  place  by  inward  diffusion  of 
nitrogen  into  the  substrate,  together  replenishment  by  fresh  nitrogen  atoms  arriving  at  the 
iur^.cc-  As  diffusion  progresses  lower  nitrides  may  be  formed,  and  in  particular  tetragonal  e- 
TijN  is  likely  to  be  formed  below  the  8-TiN  layer.  As  pointed  out  by  Rennhack  et  al®  the 
formation  of  e-Ti2N  depends  upon  the  rate  at  which  nitrogen  arrives  at  the  8-TiN/  e-TiiN 
interface  and  the  rate  at  which  it  leaves  the  E-Ti2N/a-Ti.  The  thickness  of  each  layer  will 
depend  on  the  rate  of  nitrogen  diffusion  through  the  layer  relative  to  the  diffusion  rates  in 
adjacent  layers,  on  the  range  of  composition  which  the  phase  in  question  can  exist,  and  on  the 
rate  at  which  it  can  be  consumed  by  the  metal  of  the  previous  layer.  Once  the  reaction  has 
proceeded  sufficiently  far  to  allow  the  setting  up  of  a  steady  state,  the  rate  of  absorption  of 
nitrogen  by  the  metal  will  be  controlled  by  the  slowest  transfer  process  of  the  whole  sequence, 
i  e.  diffusion  of  nitrogen  through  the  8-TiN  layer. 


In  the  present  investigation,  experiments  were  first  carried  out  to  establish  the  relationship 
between  the  nitrided  structure  and  the  nitriding  conditions.  The  influence  of  nitriding 
temperature  on  the  nitrided  structures  was  studied,  and  the  optimum  nitriding  temperature  has 
been  established  to  obtain  the  highest  surface  quality. 


Figure  1 .  The  phase  diagram  of  binary  system  Ti-N!7). 


Plasma  Nitriding  Procedure 

Ti  6AI 4V  disc  shaped  specimen  was  surface  finished  by  grinding  to  an  average  roughness  of 
1.3  pm,  and  was  then  cleaned  ultrasonically  in  successive  rinses  of  trichloroethylene,  acetone 
and  ethanol.  The  surface  finished  and  cleaned  substrate  was  then  subjected  to  a  glow 
discharge  in  a  Klockner  lonon  GmbH  plasma  unit  (Fig.  2)  by  application  of  a  potential 
difference  of  several  hundred  volts  between  the  chamber  (anode)  and  the  specimen  (cathode) 
in  a  gas  mixture  of  25. 1%N  -74.9%H  at  a  pressure  of  5  mbar.  The  equipment,  developed  and 
designed  as  a  fully  computerised  industrial  system,  consists  of  a  DC  40  kw  power  supply,  a 
computer  control  unit,  a  gas  mixing  device,  a  stainless  steel  cold  wall  vacuum  furnace  and  a 
vacuum  pump  system.  Plasma  heat  treatments  were  conducted  at  temperatures  of  700'C, 
750*C,  850‘C,  and  950°C  for  a  period  of  20  hours. 

Special  jigging  arrangements  were  made  in  order  to  minimise  any  non-uniformity  of  surface 
properties  due  to  an  uneven  amount  of  sputtering  at  the  edges  and  centre  of  the  face  of  the 
specimen.  To  achieve  this,  every  other  specimen  was  placed  between  a  set  of  specially 
designed  and  constructed  reset  jigs.  For  effective  temperature  control,  the  whole  system  was 
placed  on  a  titanium  supporting  block  to  minimise  any  radiation  effects  from  the  bottom  of  the 
furnace  support,  eleminating  any  edge  effect. 

The  temperature  was  measured  with  a  sheathed  thermocouple  which  was  introduced  into  the 
furnace  through  a  thermo  lead-in.  The  specimens  were  arranged  on  the  bottom  of  the  chamber 
and  the  thermo-  lead-in  was  incorporated  in  the  bottom.  The  tip  of  the  thermocouple  insulator 
was  inserted  in  a  hole  10  mm  deep  drilled  into  a  dummy  specimen.  This  is  less  than  the 
recommended  depth  of  30  mm  but  was  necessitated  by  the  limited  height  of  the  specimen 
used. 


F.xhnusl  to 
atmosphere 


Cooling  outer 


Figure  2.  Schamatic  representation  of  a  glow  discharge  heat  treatment  plant. 
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The  structure  and  composition  of  the  surface  treated  titanium  were  studied  by  means  of  optical 
metallography  and  X-ray  diffraction. 

Cross  section  of  untreated  and  treated  specimens  were  prepared  for  the  light  optical 
microstructral  investigation  by  appropriate  sectioning,  hot  mounting  in  conductive  bakelite  and 
mechanical  polishing  on  grinding  papers,  6  pm  diamond  paste  and  0.3  pm  colloidal  silica  in 
distilled  water.  The  samples  were  then  degreased  in  trichloroethylene  and  ultrasonically  rinsed 
in  methanol.  To  preserve  the  compound  layer  and  to  avoid  mechanical  damage  during 
sectioning  the  specimen  surface  was  covered  by  hard  setting  Araldite  before  sectioning. 

Polished  and  etched  microstructures  were  studied  and  recorded  using  the  Neophot  21  optical 
microscope.  The  optical  microscope  was  fitted  with  a  plate  camera  for  taking  micrographs. 

X-ray  diffraction  patterns  of  the  surface  treated  titanium  specimens  were  recorded  using  Cu 
Kq  radiations  in  a  Philips  X-ray  diffractometer.  A  step  scanning  mode  with  0.01  step  width  at 
a  counting  time  of  3  seconds  was  used  and  diffraction  angle  values  could  be  read  with  an 
accuracy  of  +0.01*.  The  interpretation  of  the  X-ray  results  was  undertaken  using  the  powder 
X-ray  file  index.  The  as-treated  specimens  were  tested  on  the  surface  without  any  additional 
preparation.  Some  of  the  plasma  nitrided  specimens  were  in  addition  polished  lightly  with  0.3 
pm  colloidal  silica  in  distilled  water  in  order  to  expose  the  inner  lighter  layer  to  more  X-rays, 
where  appropriate. 


Results 

The  cross  section  of  a  plasma  nitrided  sample  normally  reveals  a  duplex  compound  layer 
above  a  nitrogen  enriched  diffusion  zone  which  lies  above  the  core  material.  The  outer  part  of 
the  compound  layer  has  the  typical  golden  colour  of  titanium  nitride  (TiN).  Within  the 
compound  layer  and  directly  below  the  golden  layer,  a  second  layer  with  lighter  colour  could 
be  observed  (Fig.  3),  which  will  be  referred  to  as  the  inner  compound  layer. 

Plasma  nitriding  at  temperature  of  700°C  yielded  only  a  very  thin  compound  layer  without  a 
diffusion  zone  (Fig.  3a).  With  plasma  nitriding  carried  out  at  750°C  (Fig.  3b)  and  850°C 
(Fig.  3c)  a  diffusion  zone  appeared  in  addition  to  the  compound  layer.  Diffusion  of  nitrogen 
into  the  substrate  has  caused  the  formation  of  an  a-case,  which  is  considerable  thicker  at 
850°C  than  at  750°C  treatments.  It  can  be  seen  that  the  nitride  layer  achieved  by  treating  at 
850°C  is  more  toothed  which  will  certainly  improve  the  bonding  of  the  layer.  At  a  treatment 
temperature  of  700°C  the  lowest  layer  thickness  of  less  than  1  pm  was  found.  Compound 
layers  produced  at  950°C  (Fig.  3d)  of  up  to  18  pm  were  thicker  than  those  produced  at  750°C 
and  850°C  (2.0  and  4.5  pm  respectively), 

A  semiquantitative  idea  of  the  variation  in  the  amounts  of  phases  present  was  obtained  by 
comparing  the  intensities  of  the  diffraction  lines  which  do  not  overlap  but  are  sufficiently 
intense  (Fig.  4).  It  should  be  noted  that,  although  the  intensities  of  diffraction  lines  of  a  given 
phase  are  not  a  precise  measurement  of  the  quantity  of  that  phase  in  any  mixture  of  the  phases, 
the  intensity  values  can  be  used  as  an  indication  of  the  relative  amount  of  each  phase.  For 
plasma  nitriding  at  700‘C,  the  structure  of  the  Ti-N  layer  is  predominantly  e-TiiN  (Fig.  4a). 
This  phase  exists  only  in  a  very  narrow  composition  range  centred  at  33  at.%N  (Fig.  1).  At 
temperature  of  700°C  reflections  from  the  TiN(l  1 1)  start  to  appear.  From  Figure  5b  it  can  also 
be  seen  that  the  intensity  of  the  diffraction  line  belonging  to  the  TiN(l  1 1)  increases  at  750*C. 
In  contrast,  the  intensity  of  the  diffraction  line  belonging  to  TiiN(210)  decreases  at  this 
temperature.  For  treatments  of  850"C  and  950'C  (Fig.  4)  a  mixture  of  Ti2N(112)  and 
TiN(200)  is  formed.  A  careful  examination  of  these  patterns  also  shows  that  the  intensity  of 
the  diffraction  lines  belonging  to  TiN(200)  and  TiN(220)  increase  with  temperature  whereas 
those  belonging  to  Ti?N(l  11)  and  Ti2N(022)  decrease  with  temperature.  Using  these  results, 
together  with  those  from  metallographic  examinations  (Fig.  3),  the  phase  constituents  in 


compound  layer  were  identified.  The  outer  (golden)  and  inner  (light)  parts  of  compound 
layer  were  identified  as  single  phase  TiN  and  a  two  phase  layer  of  TiN  +  T^N 
respectively. 

At  the  start  of  plasma  nitriding  the  surface  region  will  have  transformed  to  a  +  P  with  grain 
growth  occurring.  However,  as  nitriding  proceeds,  the  P  phase  phase  becomes  a  coarse¬ 
grained  a-phr.se,  consisting  of  a-grains  in  a  matrix  of  transformed  p  having  a  Widmastatten 
a-structure.  Plasma  nitrided  samples  at  950°C  show  larger  a  grains  than  those  treated  at 
700°C,  750°C  and  850°C  due  to  the  grain  growth  that  accompanies  annealing  at  higher 
temperatures  (Fig.  3). 


850’C 


Figure  3.  Optical  micrographs  showing  the  variation  of  the  compound  layer  thickness  with 
nitriding  temperature.  20  hrs,  5mbar.  xlOOO. 


Discussion 

Compound  layer:  The  X-ray  diffraction  patterns  of  the  plasma  nitrided  titanium  were  studied 
to  identify  the  phases  present  in  the  compound  layer.  In  agreement  with  the  binary  system, 
patterns  revealed  the  presence  of  6-TiN  on  all  of  the  surfaces  studied  (Fig.  4)  and  this  is  the 
phase  which  gives  plasma  nitrided  titanium  alloys  their  characteristic  golden  colour.  At  700*C 
and  750'C,  5-TiN  is  only  shown  by  a  small  reflection  from  (111).  However,  this  was  in 
contrast  to  the  TiN  produced  at  850'C  and  950'C,  which  had  strong  textures  with  (200)  and 
(220),  Figure  4. 
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Diffraction  angle  (26) 

Figure  4.  X-ray  diffraction  patterns  of  plasma  nitrided  Ti  6A1 4V  surfaces. 
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The  presence  of  e-Ti2N  was  also  confirmed  by  X-ray  diffraction  patterns  (Fig.  4).  These 
patterns  suggested  that  the  E-TUN  phase  produced  at  700*C  and  750'C  had  fairly  random 
textures,  (111),  (210),  and  (002).  At  750*C  reflection  from  the  (112)  phase  also  starts  to 
appear.  From  Figure  4  it  can  be  seen  that  the  intensity  of  reflection  from  the  (112)  phase 
increases  with  temperature.  In  contrast,  the  intensity  of  the  diffraction  lines  (210)  at  850‘C  and 
(210)  and  (11 1)  at  950'C  have  disappeared. 

It  should  be  noted  that  the  reflections  from  a-Ti  diminished  with  increasing  temperature,  i.e. 
with  increasing  compound  layer  thickness,  indicating  that  the  Ti(002)  and  Ti(102)  diffraction 
lines  at  temperatures  of  700‘C  and  750*C  belong  to  the  substrate. 

Microstructural  examination  revealed  a  duplex  compound  layer  consisting  of  an  outermost 
golden  layer  lying  on  the  top  of  a  layer  with  a  silvery  appearance  (Fig.  3).  In  order  to  identify 
the  constitution  of  each  compound  layer,  further  X-ray  diffraction  analysis  was  performed  on 
the  plasma  nitrided  titanium  following  removal  of  the  thin  golden  layer.  The  XRD  pattern 
produced  a  persistent  TiN  peak  in  spite  of  the  removal  of  outermost  layer.  The  analysis  of 
these  pattern  confirms  the  presence  of  5-TiN  layers  not  only  in  the  outermost  surface  but  also 
in  the  (5-TiN  +  e-Ti2N)  inner  compound  layer.  This  observation  of  a  two-phase  inner 
compound  layer  is  in  conflict  with  the  results  of  LanaganW  who  found  that  the  inner 
compound  layer  is  a  single  phase.  A  feature  of  particular  interest  is  the  formation  of  e-Ti2N 

Sitates  at  5-TiN  grain  boundaries  in  the  inner  compound  layer  matrix.  It  is  assumed  that 
situation  temperatures  in  Ti-N  phase  diagrams  (Fig.  1)  have  been  affected  by  the 
presence  of  aluminium  and  vanadium.  According  to  this  phase  diagram  the  compound  layer  is 
formed  as  single  phase  TiN  at  the  nitriding  temperature.  As  one  progresses  from  the  outside  to 
the  inside  of  this  layer,  the  nitrogen  content  reduces  progressively,  and  the  E-Ti2N  phase  has 
precipitated  from  low  nitrogen  6-TiN  phase  during  slow  cooling. 

TiN/TiiN:  A  number  of  invesrigatorsf4-10-11),  have  reported  that  the  fraction  of  6-TiN  in  the 
compound  layer  increases  with  treatment  temperature.  Bragnaza  et  al(’0)  found  that  the  ratio  of 
5-TiN  to  e-Ti2N  is  constant  independent  at  diffusion  time,  but  increased  with  temperature. 
This  is  in  agreement  with  the  X-ray  diffraction  results  of  the  present  investigation  where  the 
ratio  ofTiN/Ti2N  is  found  to  increase  steadily  with  increasing  temperature  (Fig.  4).  Figure  4d 
illustrates  the  rapid  rise  in  the  intensity  of  the  TiN(200)  and  TiN(220)  lines  at  a  temperature  of 
950*C.  This  indicates  that  although  the  thickness  of  the  monolayer  6-TiN  increases  very  little 
with  temperature,  the  proportion  of  5-TiN  in  the  (5-TiN  +  E-Ti2N)  layer  increases  very  rapidly 
as  temperature  is  raised  i.e.  the  quantity  of  6-TiN  in  (6-TiN  +  E-Ti2N)  increases  at  a  much 
faster  rate  than  that  of  the  5-TiN  uppermost  layer. 

The  majority  of  reports  on  plasma  nitriding  titanium  have  been  considered  the  inner  compound 
layer  as  a  single  phase,  E-Ti2N(9-12),  and  its  texture  has  not  been  studied  in  any  detail.  In  the 
present  study,  the  inner  compound  layer  has  been  considered  as  a  two-phase  structure,  and 
both  the  texture  and  fraction  of  TiN/Ti2N  are  likely  to  have  an  effect  on  the  hardness  and  and 
load  bearing  capacity  of  the  inner  compound  layer.  In  this  work,  the  compound  layer  of 
plasma  nitrided  surface  at  700’C  had  a  predominant  E-Ti2N  phase  with  a  small  fraction  of  5- 
TiN. 

Alpha  stabilised  diffusion  layer:  Below  the  compound  layer  is  an  a-stabilised  diffusion  layer 
which  is  very  much  thicker  in  comparison  with  the  layers  above  it  (Fig.  3).  In  this  diffusion 
layer  the  nitrogen  is  in  solution  and  acts  as  a  stabiliser  of  the  a-phase  caused  by  the  higher 
solubility  of  this  phase  for  nitrogen.  Before  the  titanium  nitride  layer  has  formed,  the  reaction 
rate  is  probably  controlled  by  the  rate  of  diffusion  of  nitrogen  in  a-Ti,  which  even  at 
temperatures  above  the  transformation  temperature  of  the  pure  material,  will  be  present  in  the 
nitrogen  contaminated  region.  As  one  progresses  from  the  outside  to  the  inside  of  this  layer, 
the  nitrogen  content  diminishes  progressively  to  that  of  the  matrix  and  the  proportion  of  13- 
phase  increases  correspondingly. 

Core  structure:  Plasma  nitriding  also  influences  the  microstructure  in  the  core  sections.  It  can 
be  seen  that  little  change  had  taken  place  in  the  structure  of  Ti  6A1 4V  after  plasma  nitriding  at 
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7UU“C.  Treating  at  temperatures  ot  75U“C  produced  nearly  similar  structures,  and  the 
structure  consists  of  equiaxed  a  phase  and  f)  phase  at  grain  boundaries.  Treatment  at  850'C 
caused  a  substantial  proportion  of  the  structure  to  transform  to  the  f)  phase,  which  is  revealed 
at  room  temperature  as  regions  of  transformed  f}  between  a  grains.  After  plasma  nitriding  at 
950*C  the  core  structure  consists  almost  entirely  of  the  transformed  {)  in  the  form  of  coarse, 
plate-like  a  grains  (light)  and  intergranular  0  phase  (dark).  It  can  be  suggested  from  this  that 
the  plasma  nitriding  temperature  during  treatment  may  have  been  slightly  above  the  p  transus 
i.e.  higher  than  950°C. 


Conclusion 

Plasma  nitriding  of  Ti  6A1  4V  in  the  temperature  range  of  700*C  to  950*C  results  in  the 
formation  of  a  duplex  compound  layer,  consisting  of  an  outermost  golden  6-TiN  layer  lying 
on  the  top  of  a  lower  layer  of  compound,  having  a  silvery  appearance  and  consisting  of  8-TiN 
+  e-Ti^N.  This  observation  that  the  inner  compound  layer  is  two-phased  is  reported  for  the 
first  time.  Previous  reports  on  plasma  nitriaed  titanium  have  considered  that  the  inner 
compound  layer  is  a  single  phase,  e-TijN.  Beneath  the  compound  layer  lies  an  a-stabilised 
diffusion  layer  which  is  very  much  thicker  in  comparison  with  the  layers  above  it. 
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Abstract 

Surface  oxides  formed  spontaneously  and  by  anodic  oxidation  on  cp  titanium  and 
Ti  alloys  are  examined  for  their  conductivity  by  dc  and  ac  measurements, 
electrochemical  polarization  resistance  and  ellipsometry  for  film  thickness.  Foreign 
elements  are  usually  incorporated  in  the  oxide  which  is  also  x-ray  amorphous; 
even  with  defects,  the  oxide  retains  insulating  properties  and  full  corrosion 
resistance. 
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Introduction 


The  physical  properties  of  surface  films  formed  spontaneously,  or  by  anodic 
oxidation  on  titanium  are  of  interest  in  relation  to  the  stability  of  the  metal  in 
corrosive  environment.  Examination  of  these  surface  films  by  x-ray  photoelectron 
spectroscopy  and  microanalysis  shows  that  foreign  atoms  are  occluded  in  the  oxide 
following  any  chemical  attack,  e  g.  the  anions  chlorine,  fluorine,  phosphate  after 
electropolishing,  pickling,  anodizing,  and  the  cations  Al,  V,  Mo,  etc.  resulting  from 
oxidation  of  the  base  metal  [1],  Their  concentrations  are  several  %,  i.e.  orders  of 
magnitude  higher  than  typical  doping  levels  in  the  n-type  semiconductor.  The 
color  of  the  surface  oxide  should  darken  and  the  electrical  resistivity  should 
drastically  fall.  That  is  not  observed. 

Nevertheless,  it  is  true  that  electrical,  optical  and  mechanical  properties  of  these 
films  vary  with  the  electrolyte  to  which  they  are  exposed,  its  pH  and  temperature, 
growth  rate  and  thickness,  and  surface  preparation.  A  great  number  of  procedures 
for  anodic  oxidation  of  Ti  are  shown  in  a  review  of  early  work  by  Aladjem  [2].  This 
author  concludes  that  (i)  anodic  films  on  that  metal  are  rarely,  if  ever,  pure  and 
stoechiometric  TiC>2  but  contain  also  elements  other  than  titanium  and  oxygen, 
and  that  (ii)  the  films  may  be  amorphous  or  consist  of  any  of  the  known 
modifications  of  Ti02  or  mixtures  thereof.  Such  variability  suggests  that  the 
diffusion  mechanism  controlling  oxide  growth  is  important.  Inward  anionic 
diffusion  dominates  for  the  Ti/Ti02  system  in  the  case  of  thermal  oxidation  [3]  and 
for  low-temperature  anodic  oxidation  14,5].  For  very  small  growth  rates,  Wiesler  et 
al.  [6]  find  an  epitaxial  relation  between  the  metal  and  a  rutile  and  an  anatase  phase 
what  is  a  rather  strong  indication  that  oxides  are  formed  at  the  metal/oxide 
interface.  Such  ordered  structures  do  not  necessarily  exist  at  higher  growth  rates 
used  normally. 

In  this  work,  the  electrical  resistivity  of  surface  films  is  obtained  by  direct  and 
electrochemical  methods.  Surface  oxides  grown  under  conditions  of  industrial 
surface  treatments  are  studied. 

Material  and  surface  preparation 

Oxides  grown  on  cpTi  and  several  alloys  (alpha-beta  Ti6A14V,  Ti6A17Nb, 
Ti5A12.5Fe;  beta-type  Til5Mo5Zr3Al)  are  examined.  The  surfaces  are  prepared  by: 

(i)  mechanical  grinding  on  abrasive  (SiC)  paper  to  grit  4000, 

(ii)  electropolishing  in  methyl  alcohol  +  ethylene  glycol/perchloric  acid  [7]  or 
H2S04/HF  base  electrolyte  (proprietary  recipe), 

(iii)  anodic  oxidation  in  10%  phosphoric  acid  under  current  limitation  and  preset 
maximum  voltage.  Growth  rate  is  20A/s,  at  a  current  density  of  5-10  mA/cm2. 

The  thickness  of  the  anodic  oxide  was  measured  by  ellipsometry.  The  optical 
constants  for  the  metal  and  oxide  as  given  by  Musa  and  Neal  [8]  were  used.  The 
results  agree  well  with  faradaic  rates  measured  during  growth.  The  oxide  thickness 
is  : 

t  in  A  =  30  for  electropolished  samples, 

103  +  22*V(cell)  for  ground  and  anodized  samples, 

34  +  17*V(ceIl)  for  evaporated  and  anodized  Ti. 


The  first  figure  corresponds  to  the  "natural"  oxide  film  as  measured  by  XPS,  or 
equals  the  intercept  at  zero  potential. 

Crystalline  oxide  films  above  500A  can  be  detected  by  x-ray  diffraction.  But  peaks 
were  not  found.  The  anodic  oxides  grown  in  a  phosphoric  acid  electrolyte  and  at 
high  rates  are  x-ray  amorphous. 

Resistivity  and  polarization  experiments 

Two  types  of  experiments,  "dry"  and  "wet",  were  done  to  characterize  the  surface 
films. 

Dc  and  ac  resistivity  of  surface  oxides 

The  direct,  or  "dry"  resistance  measurement  is  done  by  contacting  the  oxide  with  a 
70/30%  Hg-In  amalgam  (fig.  1).  The  liquid  contact  wets  and  is  ohmic.  Slow  current- 
potential  scans  and  impedance  measurements  for  IE-2  to  1E+5  Hz  are  performed. 
An  electrochemical  interface  1286  and  frequency  response  analyser  1250 
(SOLARTRON)  and  8500  digital  plotter  (ENERTEC  SCHLUMBERGER)  is  used. 

The  current-potential  plots  show  linear  behaviour  for  about  lOOmV  (fig.  2).  A  non¬ 
linear  variation  beyond  that  span  results  from  band-bending  [9,10).  At  still  higher 
field  strength  (above  lE+6V/cm)  breakthrough  occurs  (fig.  2,  at  right). 
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Figure  1  -  Measurement  of  oxide  film  properties  by  direct  contact. 
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Figure  2  -  Slow  current-potential  scan  for  an  oxide  film  formed  at  40V 
on  electropolished  cpTi. 


The  impedance  measurements  are  done  with  an  amplitude  of  lOOmV  and  less.  The 
results  of  figure  3  are  obtained  for  an  anodized  surface  (film  of  thickness  910A). 


Young  [4]  admits  that  the  constitution  of  the  surface  oxides  is  not  uniform  and 
suggests  a  model  with  RC  circuits  in  series.  The  slope  of  impedance  is  then  not  -1 
per  decade  of  frequency.  Present  results  are  best  interpreted  by  a  single  RC  circuit 
and  a  time  constant  x.  It  is  : 

d  A 

R=rA  C  =  e<?d  and  t  =  rc  (D 

with  p  specific  resistivity,  d  thickness  of  film,  A  area  of  electrode,  e  the  dielectric 
constant. 
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Figure  3  -  Impedance  curve  for  an  oxide  film  formed  at  40V.  The  fit  for 
a  simple  RC  circuit  is  added. 


Figure  4  -  Resistance  and  capacitance  of  anodic  films  formed  at  various 
cell  voltages  on  electropolished  cpTi. 
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Marquardt’s  method,  the  standard  of  nonlinear  least-square  routines,  is  used  to 
model  the  data,  e,  p  and  x,  also  constants  in  Young's  theory  can  be  extracted  by  such 
a  fit  Results  are  shown  in  fig.  4.  The  time  constants  vary  from  a  fraction  of  ms  to 
some  s.  The  contribution  to  such  changes  is  small  for  the  capacitance  and  the 
dielectric  constant  is  100-120  (uncertainties  exist  for  films  formed  at  10V).  But  the 
specific  resistivity  depends  on  thickness  of  the  surface  oxide;  p  is  1.2E+8  ohmcm  for 
d  =  240A(10V)  and  above  1E+11  ohmcm  for  films  of  1000A  and  more.  Defects  in  the 
oxide  might  cause  this  variation,  but  it  is  remarked  that  the  width  of  the  space 
charge  layer  is  about  the  same  as  the  thickness  of  the  thin  surface  oxide. 

Polarization  resistance  measurements  for  titanium  and  Ti  alloys 

The  electrochemical,  or  "wet"  resistance  measurement  is  done  in  aerated  3%  NaCl 
solution.  Currents  are  very  small  and  the  galvanostatic  method  is  preferable  (fig.  5). 

The  (electrochemical)  polarization  resistance  is  related  to  the  corrosion  current 
density  j  through 


r  _  btlftci  1  _  ■  1 

p  2.3(btn+bcl)  j  ~Kjeorr 


(2) 


where  the  b's  are  the  Tafel  constants  of  anodic  and  cathodic  reactions  [12].  The 
kinetic  coefficient  k  is  5E-2V  for  ban  *  ••  (anod:c  process  is  limited  for  the  stable 
oxide)  and  bca-  0  .lV/decade  for  oxygen  reduct  on  and  electronic  conduction. 


Results  of  measurements  for  different  surface  preparations  and  for  two  metals  are 
shown  in  fig.  6.  Data  for  chosen  surface  treatments  and  other  metals  are  further 
given  in  the  table. 

It  is  surprising  to  find  that  the  polarization  resistance,  i.e.  the  corrosion  resistance, 
of  alloys  is  higher  than  that  of  cp  Ti.  Thf  structureless  state  and  the  many  valency 
defects  in  the  oxide  even  seem  favourable. 
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Figure  5  -  Polarization  resistance  measurement  by  galvanostatic 
method.  Two  compartments  contain  the  cathode  and  sample  (anode); 
g  is  gas  inlet  (o  <ygen)  and  r  the  reference  electrode. 
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Figure  6  -  Polarization  resistance  for  oxides  of  different  thickness  and 
on  different  substrates;  me-po  is  mechanically  polished  and  el-po  is 
electrolytically  polished. 


Table  -  Polarization  resistance  and  resting  potential  of 
mechanically  ground  and  electropolished  Ti  and  its  alloys. 


mechanically  ground 
rest.  pot.  pol.  resist. 

electropolished 
rest.pot.  pol.  resist. 

cpTi 

230/210 

0.96/1.7 

110 

80/140 

15 

4.4/3.4 

Ti6A14V 

-20 

3.1 

100 

3.6 

Ti5A12.5Fe 

-10 

1.6 

90 

2.7 

Ti6A17Nb 

30 

1.9 

130 

2.4 

TiMoZrAl  SHT840 

70 

9.1 

130 

19 

SHT740A625 

40 

8.0 

100 

18 

Unit 

mV(SCE) 

Mohmcm2 

mV(SCE) 

Mohmcm2 

Pistttssion 

The  impedance  of  the  surface  oxides  refers  to  a  bulk  property.  For  the  thicker  films, 
the  dielectric  constant  is  high  and  compares  with  that  of  crystalline  rutile.  The 
short  range  ordering  in  the  amorphous  oxide  apparently  retains  configurations  of 
the  particular  solid.  The  specific  resistivity  however  is  low  for  the  anodic  films, 
compared  to  rutile  with  p  =  lE+15ohmcm  and  more.  The  difference  has  certainly  to 
do  with  the  occlusion  of  foreign  atoms  but  is  not  a  doping  in  proper  sense. 

The  polarization  resistance  has  the  same  dimension  as  the  bulk  resistance  (see 
formulas  1  and  2).  The  mechanisms  behind  the  two  measurements  however  are 
not  the  same.  Rp  is  10-30  times  larger  than  RA,  thus  equal  to  the  inverse  of  the 
kinetic  coefficient  in  formula  (2).  The  coefficient  is  related  to  the  electron  transfer  at 
the  film-electrolyte  interface,  thus  to  an  apparent  current  density  in  Rp  =  AE/Aj, 
while  the  (direct)  resistance  is  connected  with  the  electron  conduction  in  the  film. 
But  this  electronic  current  flows  for  the  reduction  process  in  the  electrolyte. 


Z.M0 


The  incorporation  of  foreign  elements  during  anodic  growth  of  titanium  oxide  is 
apparently  a  normal  process  and  can  not  be  suppressed.  The  insulator  character  of 
the  films  nevertheless  is  essentially  preserved,  as  show  these  experiments. 
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A  new  corrosion-resistant  titanium  alloy  Ti-3AR 

with  higher  strength 

Hu  Yaojun  Cai  Xuezhang  LiuGuoihong 

Northwest  [nit.  for  Nonferroui  Metal  Res. 

P.O.Box  71,  Baoji,  Shaanxi,  P.R.China  721014 

Introduction 


TI-3AR  fTi-Al-Mo-Ni)  it  a  new  corroiion-resiitant  titanium  alloy  with  higher 
strength,  which  have  been  developed  by  Northwest  Institute  for  nonferrous  metal  re¬ 
search,  China.  Ti-JAR  possesses  excellent  corrsion-resistanee  and  higher  strength, 
which  is  higher  30-40%  than  that  of  Ti-12  (Ti-0.3Mo-0.8Ni),  and  its  resistance  to 
uniform  corrosion,  crevice  corrosion,  pitting  corrosion  is  as  good  as  Ti-12.  TI-3AR  is 
generally  used  in  annealed  condition,  with  higher  strength  and  elongation,  «*> 
720 MPa,  a£Mt>480MPa,d>l8%.  TI-3AR  possesses  better  hot  and  cold  workability, 
can  be  easily  forged,  extruded,  rolled  ,  cold  formed  and  welded,  it  can  be  produce  into 
plate,  sheet,  bar,  tube,  wire  etc.  The  aluminium  eontant  of  TI-3AR  contributes  to  its 
strength  and  hot  resistance,  the  molybdenum  and  nickel  content  impart  corrosion-re¬ 
sistance  in  add  environments.  It  can  be  used  for  marine  engineering  and  chemical  indus¬ 
try,  espeeiflcally  a  future  for  the  alloy  is  forecas  in  high  temperature,  high  pressure  ap¬ 
plications.  It's  mechanical  properties  and  corrosion-resistant  properties  in  acid  have 
been  studied  in  this  work.  Ti-12  is  used  for  comparative  materials. 

Experimental  procedure 

TI-3AR  used  In  this  study  is  plate  of  12mm  and  2mm  thickness,  which  were  pre¬ 
pared  by  2  times  of  melting  in  vacuum  are  furnace,  followed  Forging,  rolling  ,  an  near¬ 
ing  for  a  hour  at  700C  and  air  colding.  The  speciments  of  2x  20  x  30mm  and  #15.9x 
2mm  used  as  corrosion  tests  and  electrochemical  tests,  respectively.  Corrosion  testa  were 
performed  in  nitric,  chloric.  Sulphrie  add  solution  at  various  concentration  and  tern 
perature.  The  spedments  were  immersed  in  20—  50%  HNOjSolutions,  1.5—  15%  HCI 
solutions,  1.5—  30%  HjSO«  solutions,  at  room,  60C  ,  boil  temperature  for  1274,  298, 
48hr,  respectively.  After  immersion  the  weight  losses  of  these  speciments  were  measured 
and  average  corrosion  rates  were  estimated  by  following  equation  C1>  : 

Corrosion  rate«(kx  w)/  (AxTxD) 

Corrosion  rate:  mm  /  v 
K:  constant,  8.76x  10* 

W:  weight  losses,  grain 
T:  immersed  times,  hours 
A:  all  area  of  speciment,  cm3 
D:  density,  4.5g  /  cm3 

electrochemical  tests  were  done  with  M351.  The  corrosion  potential  and 
polarisation  curve  of  Ti-3AR  were  measured  in  same  solution  as  immerdon  tests.  Satu¬ 
rated  calomed  electrode  (SCE)  were  used  as  a  reference  electrode.  Scanning  rate  is  equal 
to  SOmv/  min. 
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Result*  and  diitualon 


mechanical  properties 

T*bU  1  show*  tan  alia  properties  at  room  temperature  and  HOC  and  impact 
toughness  of  Ti-SAR.  It  ha*  higher  strength  which  is  higher  30—  40%  than  Tf-12 
(Ti-0.lMo-0.8Ni)  and  better  plasticity,  toughness,  a^TSOMPa,  aJ5*t>4?0MPa,  6% 
>18,  aK>  1000KJ  ✓  ma. 

Table  I  mechanical  properties  of  Ti-IAR 


plate 

sheet 

*T 

350  C 

RT 

3S0C 

UTS 

MPa 

721 

410 

no 

500 

YS 

MPa 

640 

400 

760 

EL 

% 

19 

11 

19 

24 

•i 

RJ/m1 

not 

Corrotlon  rate* 
in  HNO,  solution 

Table  2  and  Fig.l,  Fig.2  show  the  affects  of  HNO,  concentration  and  temperature 
on  the  corrosion  rates  of  Ti-IAR  and  Ti— 12.  from  table  2,  it  is  clear  that  corrosion  rate 
of  Ti-IAR  is  small,  HNO,  concentration  affects  light  to  corrosion  rate,  which  increases 
with  temperature.  The  relationship  between  the  corrosion  rate  and  HNO,  concentra¬ 
tion,  between  the  corrosion  rate  and  temperature  were  replotted  in  Fig.l  and  Fig.2. 

The  surface  oxide  film  formed  and  became  yellow,  yellowish-brown,  blue,  etc,  on 
the  Ti-IAR  immeased  in  HNO,  solutions ,  which  protect  titanium  from  corrosion.  n> 


Table  2  corrosion  rates  in  HNO, 


temperature 

concentration 

corrosion  rates  (mm  /  y) 

C 

% 

Ti-3AR 

TI— 1 2 

20 

0.001 

0.001 

RT 

35 

0.00 1 

0.001 

50 

0.001 

0.001 

20 

0.02 

0.01 

60C 

35 

0.04 

0.01 

50 

0.02 

0.01 

BT 

20 

0.1 

0.1 

2.144 


HNO,(%)  temp,  it!) 

Fig.l  relationship  between  corro-  Fig.2  afTeet  or  temp,  ou  corrotion 

lion  rate  and  HNOt  eoneen-  rate, 

tration 

in  H]S04  solution 

Table  3  and  Fig.)  ibow  the  corrosion  rate  of  Ti-JAR  and  Ti-12  in  H,S04  solu¬ 
tion  at  room  ,  60  C  and  boile  temperature.  The  concentration  and  temperature  aireet 
considerably  corrosion  rate,  which  increase  with  the  concentration  and  temperature. 
TI-JAR  was  subject  to  active  corrosion  over  10%  H,S04  solution.  The  oorrosion  rate 
rises  2.5mm/ y  in  30%  H,S04  solution,  white  precipitate  TijffO*),  oceurs  and 
hydrogen  is  deaerated,  the  solution  become  purple  black  because  of  production  of  Ti’\ 
The  reaction  ofTi  with  HaS04  can  be  expraaaed  : 

Ti+Ha804“  TIS04+Hjt 

Ti+Hj804  ™  TijCO^+H  j  t 

TIJ*  is  unstable  and  ean  be  oiides  to  Ti,+. 


Table3  general  corrosion  rate  in  HjS04 


temperature 

coaosatratioB 

corrosion  rates  (mm  /  y) 

t 

H 

Ti-JAR 

TI-12 

S 

0.001 

0.001 

RT 

10 

0.1 

0.3 

30 

2.3* 

“ 

1.3 

0.003 

0.003 

MC 

3 

3.3* 

J.»* 

10 

♦.»* 

1.4* 

IT 

1.5 

2.2* 

0.3* 

•  The  solution  became  purple  blaek  and  white  precipitant  ooeures. 
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in  HC1  solution 


Table  4  and  Fig. 4  indicate  that  corrosion  rate  of  Ti-3AR  and  Ti-12  in  HC1  solu¬ 
tion  at  room,  60 C  ,  boile  temperature  ,  The  temperature  and  concentration  of  HCI  solu¬ 
tion  influence  evidently  on  corrosion  rate,  which  increases  with  temperature  and  con¬ 
centration.  They  both  have  smaller  corrosion  rate  in  10%  HCI  at  room  temperature, 
however  ,  it  is  5.5mm  /  y  in  10%  HCI  solution  at  60 C  (Table  4}  and  white  precipitate 
TiCI,  produces,  the  solution  become  purple  black.  If  the  concentration  is  reduced  ,  the 
corrosion  rate  is  smaller  at  higher  temperature,  too,  e.g.  corrosion  rate  is  equal  to 
0.04mm  /  y  in  1  5HCI  solution  at  boile  temperature. 

Table  4  general  corrosion  rate  in  HCI 


temperature 

1 - 1 

i  concentration 

corrosion  rates  (mm  /  y) 

C 

* 

Ti-SAR 

Ti-12 

5 

0.001 

0.001 

RT 

to 

0.1 

0.1 

IS 

IS 

1.0 

IS 

0.001 

0.001 

60 1 

5 

0.2 

o.s 

to 

5  5- 

7.4* 

■T 

IS 

0.04 

0.07 

*  The  solution  became  pnrple  black  and  white  precipitant  occnrea. 


H,SO,(%> 

Fig. 3  relationship  between  corro 
sion  rate  and  the  concentra¬ 
tion 


Fig.4  corrosion  rate  in  HCI  solu 
tion 


Electrochemical  character 

The  corrosion  potential  and  polarization  curves  of  TI-3AR  were  measured  in  3% 
HC1  and  10%  H2S04solution  at  room  temperature,  which  are  shown  in  Fig. 5  . 

The  anodic  polarization  shows  active  dissolution,  passivation  and  corrosion  poten¬ 
tial.  From  the  polarization  curve  the  critical  current  density  for  passivation  ic  and  pas- 
sive  current  density  ip  were  obtained,  in  5%  HC1  solution,  icw  10/iA/cm2,  ipm 
10/iA  /  cmJ,  Ecorrw  -0,02  VSCE,  in  10%  H2S04  solution,  icw  50*iA  /  em1,  ipw 
13*iA  /  cmJ,  Ecorr  W-0.35VSCE. 


Fig. 5  polarization  curve  of  Ti-3AR 
a  in  5%  HC1,  b  in  10%  H,S04 
Conclusions 

1.  Ti-3AR  is  a  new  corrosion  resistant  titanium  alloy  with  higher  strength, 
placticity,  workability  and  excellent  corrosion  resistant,  c>>  720MPa,  ej5,t  > 
480MPa,  d,>18%,aK>I000K.J/mmJ. 

2.  Ti-3AR  possesses  excellent  corrosion  resistant  in  5%  H2S04,  10%  HCI  at  room 
temperature,  in  1.3%  H2S04,  5%  HClat60C,in  1.5%  HClatboile  temperature  and  20 
~50%  HNOj  atroom  —  boile  temperature. 
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The  optimisation  of  descaling  oxied  skin  of  Ti-2.5Cu  alloy 
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Abstract 

Ti-2.3Cu  alloy  easily  picks  up  hydrogen  in  the  descaling  bath  of  molten  alkaline 
mixture  of  Sodium  hydroxied  and  Nitrate.  In  order  to  optimize  the  condition  under 
which  the  amount  of  hydrogen  pick  up  of  the  alloy  will  be  minimum  ,  temperature  and 
composition  of  the  bath  as  well  as  time  of  descaling  was  varied  and  the  effect  of  these 
parameters  on  the  amount  of  hydrogen  pickup,  metal  loss  and  surface  quality  has  been 
modeled  and  the  optimization  of  descaling  conditions  has  been  made.  Depending  on 
practice  of  production  and  requirement  of  surface  quality  of  products,  the  modifying 
descaling  condition  can  be  easy  optimized. 

Introduction 

The  oxide  skin  of  Ti-alloy  formed  at  above  600 1  is  hardly  removed  by  pickling 
method[l],  generally  it  is  removed  by  molten  alkali  bath.  Due  to  hydrogen  absorption  of 
Ti  and  Ti-alloy  in  the  alkaline  bath,  usually  oxygenant  is  added  into  the  bath.  For  ex¬ 
ample,  NaNOjis  added  into  the  molten-NaOH  bath,  to  prevent  hydrogen  pickup,  in¬ 
creasing  flowability  of  the  molten  alkali  and  decreasing  the  dangerous  degree  of  fire. 
This  type  of  the  alkaline  bath  is  designate  as  an  oxidizing  bath,  is  now  popularly  used  in 
the  practical  production  of  Ti  and  Ti-alloy  products,  and  it  usually  includes  three  kinds 
of  high  temperature  (454-537D ),  intermediate  temperature  (371-4 54D )  and  low  tem¬ 
perature  (I90-218D )  types  [2j.  the  first  one  is  mainly  used  for  removing  oxide  skin  of 
products  produced  by  hot  working  and  heat  treatment,  the  second  one  is  used  for  re¬ 
moving  oxide  skin  and  a  3olided  layer  of  lubricating  glass,  and  the  third  one  is  used  for 
removing  oxide  skin  of  the  Ti-alloy  having  age  hardening  reaction[2],  also,  the 
reductive  or  the  electrolytic  type  of  bath  is  favourable  to  remove  the  layer  of  lubricative 
graphite  or  grease,  and  oxide  skin  etc. 

The  present  work  is  aimed  at  the  hydrogen  absorption  of  the  hot  rolled  and  annealed 
Ti-2.5Cu  alloy  sheet  during  descaling  oxide  skin  in  the  alkaline  bath,  the  investigation 
on  the  amount  of  added  NaNOJt  temperature,  corrosion  rate  etc  has  been  conducted. 
The  relationship  between  the  hydrogen  pickup  and  its  influencing  factors  have  been  in¬ 
vestigated  and  the  mathematic  mode  related  to  descaling  parameters  of  the  sheet  in  the 
molten  NaOH  bath  have  been  established  . 

Experiment 

The  0.7mm  and  1.2mm  thickness  sheets  of  Ti-2.5Cu  alloy  used  in  the  work  are  an¬ 
nealed  at  790t  /  30  A.C.  The  alloy  chemical  composition  is  listed  in  Table  1. 
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Table  1  The  Ti-2.5Cu  alloy  composition 


Element  Cu  Fe  Si  C  N  O  H 

(wt%)  2.38  0.118  0.014  0.012  0.02  0.12  0.002 


The  NaNOj  oxygenant,  its  amount  varies  within  5-25  Wt%,  is  added  into  the  molten 
NaOH  bath  with  temperature  varying  range  of  425-520C  ,  and  descaling  time  varies 
from  2  to  25  minutes.  The  specimens  descaled  under  the  conditions  above  mentioned 
are  pickled  for  3-5  minutes  in  a  5V.HF,  25%-35%  HNO,  and  60-70%  H,0(in  vol¬ 
ume). 

The  hydrogen  absorption  and  the  weight  loss  of  the  sheets  is  determined,  and  the 
descaled  and  pickled  sheet  surface  is  observed  at  low  magnification  of  optical  micro¬ 
scope. 


Results 


The  effect  of  NaNO}  content 

The  hydrogen  content  and  the  weight  loss  of  sheet  descaled  at  460 1  /  10  minutus  (A) 
and  490t  /  5  minutes  (B)  in  the  bath  containing  various  NaN03  content  is  listed  in 
Table  2. 

Table  2  The  hydrogen  content(0.7mm  thickness)  and  the  weight  loss(1.2mm 
thickness)  of  the  descaled  sheet 


NiNOj  content 
in  the  bath 
(wtV.) 

hydrogen  content 
in  the  sheet 
(wtV.) 

weight  lost 
or  the  sheet 
(g/  cm*) 

B 

A 

B 

J 

.HUB 

>0.039 

0.0155 

10 

I  iTiTXl 

IlJlTO  M 

0.00871 

15 

0.0062 

0.0054 

0.0064 

20 

0.0067 

0.0062 

0.00593 

25 

0.0071 

0.0067 

0.00567 

As  data  in  table  2,  the  hydrogen  content  and  the  weight  loss  both  increased  with  de¬ 
creasing  NaNoj  content,  when  the  NaNO,  content  is  below  10wt%,  the  hydrogen 
absorption  increased  drastically,  gets  above  170ppm  under  A  and  248ppm  under  B;  and 
the  weight  loss  also  increases  drastically,  gets  above  0.0087g/cmlor  over  under  A  or  B. 
While  the  NaNO,  content  go  to  and  over  15wt%,  the  hydrogen  content  and  the  weight 
loss  obviously  dropped  to  the  level  corresponding  with  that(hydrogen  content  must  be 
less  than  lOOppra)  stipulated  as  the  related  standard.  In  view  of  the  surface  state  of  the 
descaled  and  pickled  sheet,  the  best  condition  is  also  that  under  1 5wt%  NaNO,. 

Temperature  effect 


Fig  1  shows  that  hydrogen  content  and  weight  loss  of  1.2mm  thickness  sheet  (a),  (b). 
and  hydrogen  content  of  0.7mm  thickness  sheet  (c). 
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Figl  Temperature  effect  on  hydrogen  absorption  and  weight  loss  of  the 
descaled  and  pickled  sheets. 

As  for  1.2mm  thickness  sheet,  under  the  condition  of  descaling  time  of  5-15  minutes 
and  1 5wt%  NaNOj  in  the  bath,  the  descaling  temperature  must  be  limited  below  490 1! 
for  1 5  minutes  and  below,  Fig  1  (a),  so  that  to  prevent  that  the  hydrogen  content  in  the 
sheets  exceeds  the  stipulated  value  ( less  than  100  ppm  ).As  to  0.7mm  thickness  sheets, 
under  10wt%  NaNOj,  the  descaling  temperature  must  be  limited  below  470 1  for  10 
minutes  and  below,  Fig  1  (c).  As  to  the  weight  loss  of  1 ,2mm  thickness  sheet,  the  descal¬ 
ing  temperature  also  must  be  limited  below  475  C  to  keep  a  lower  level  of  the  metal 
loss.  Fig  1  (b).  Considering  the  descalling  effect  and  surface  state  of  the  descaled  and 
pickled  sheets,  and  controlling  hydrogen  content  below  100  ppm,  the  descaling  tempera¬ 
ture  and  time  is  selected  as  high  and  long  respectively  as  possible. 

The  effect  of  descaling  time 


As  to  0.7mm  thickness  sheet,  under  the  conditions  of  430 1: ,  460 1:  and  490 1 ,  and 
10wt#/«,  15wt%  and  20wt%  NaNOj  respectively  in  the  bath,  the  time  effect  on  the 
hydrogen  content  of  the  sheets  after  descaling  and  pickling  shown  in  Fig  2.  With  regard 
to  the  hydrogen  absorption,  when  the  NaNOj  content  is  over  15wt%,  the  descaling 
time  can  be  lasted  to  20  minutes  and  over  for  43012 ,  1 5  minutes  for  46012 ,  and  below  5 
minutes  for  490t  ,  and  then  the  hydrogen  content  in  the  sheets  maintained  below 
lOOppm,  see  Fig  2(b), (c).  But  under  10wt%  NaNOj,  the  descaling  time  must  be  dropped 
below  1 5  minutes  for  43012 ,  12  minutes  for  460and  2  minutes  for  49012  ,  see  Fig  2(a). 
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Fig  2  The  descaling  time  effect  on  the  hydrogen  absorption  of  the  0.7mm 
thickness  sheet. 


In  view  of  the  descaling  effect  and  surface  state,  as  to  1 ,2mm  thickness  sheets,  it  is  ex¬ 
pected  for  descaling  at  a  higher  temperature  and  shorter  time,  for  example,  490 C  and  2 
minutes,  but  it  is  difficult  to  realize  such  conditions  for  bigger  batch  of  sheets  to  be 
descaled.  So  the  better  way  is  to  use  less  low  temperature  and  less  long  time,  e.g  47512 
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and  IS  minutes.  As  for  0.7mm  thickness  sheet,  the  proper  time  of  descaling(10-15  min¬ 
utes  under  460 C  and  10-15  wt%  NaNO,)  should  be  selected  as  the  same  reason  as  for 
1.2mm  thickness  sheet. 

The  effect  of  sheet  thickness 

Just  as  above  discussed,  the  different  temperatures  and  times  are  required  for  descaling 
of  different  thickness  sheets,  i,  e,  0.7mm  and  1 ,2mm  as  shown  in  Fig  3(a)  (b). 

Under  490U  ,  the  hydrogen  content  of  0.7mm  thickness  sheets  is  consistently  higher 
than  that  of  1.2mm  thickness  sheets  by  20ppm  ,  and  the  difference  of  the  hydrogen  con¬ 
tent  increases  with  lasting  of  the  descaling  time,  espeially  under  10wt%  NaNO,,  Fig3(b). 
Under  460 U  ,  the  hydrogen  contentof  0.7mm  and  1.2mm  thickness  sheets  is  near  the 
same  until  the  time  lasting  to  IS  mimutes,  and  then  the  difference  between  them  in¬ 
creased  drastically,  see  Fig  3(a).  While  under  10wt%  NaNO,,  the  difference  of  the 
hydrogen  content  between  them  appears  early  at  the  descaling  time  about  5  minutes, 
seeFig  3  (b). 
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Fig3  The  hydrogen  content  of  the  descaled  sheet  with  different  thickness 
Discussing  and  mathematically  modelling 

On  the  oxidation  of  Ti  and  Ti-alloys  at  the  elevated  temperature,  the  surface  layer  is 
TiO„  subsurface  layer  is  TiO.the  ratio  of  their  value  is  1 .7(3),  resulting  in  a  large  stress 
between  the  surface  and  subsurface  layers,  and  thus  leading  to  turn  the  surface  layer  of 
TiO,  into  a  porrous  and  loose  state  .  As  descaling  in  the  bath  with  high  temperature, 
the  oxide  skin  of  the  surface  layer  is  further  broken  due  to  the  difference  of  thormo  ex¬ 
pansion  between  oxidizing  layer  and  matrix,  and  it  is  easy  for  permeating  of  the  molten 
alkali  into  the  oxide  skin  TiO  of  the  subsurface  layer,  which  is  further  oxidized  into 
TiO,  by  the  oxygen  released  from  ovtdiaM*.*  g  V*NO,  ,  and  thus  entire  oxide  skin  is 
broken.  Except  for  this  mechanical  r**m*tal  reaction  of  TiO, with  the  molten 

alkali  [4]  takes  place: 

2NaOH  +  TiO,  -Ns, IK  ID  (1) 

Na,TiO,produced  during  the  reacuoni  s  >  *diament  or  removing  from  the  sur¬ 
face  by  water  quenching  and  pickling  jm*,  the  matrix  is  bared  in  the  bath,  the 

chemical  reaction  of  matrix  with  the  mohea  alkali  appears: 

2NaOH  +  Ti  -NaTiO,+  H,  t  (2) 

Because  of  the  affinity  of  Titanium  with  hydrogen,  it  is  easy  to  form  hydrogenized  Tif5], 
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Besides,  the  solubility  of  hydrogen  in  a-Ti  depends  upon  the  partial  pressure  of 
hydrogen,  temperature  and  the  added  element  and  inclusion  content  in  the  alloy  ex¬ 
presses  as  following: 

f-*C'W(&)  (3) 

In  which,  C — hydrogen  solubility,  Q — solution  heat,  K — constant  related  alloy  com¬ 
position,  P — partial  pressure  of  hydrogen,  R — gas  constant,  and  T — temperature. Q 
and  k  value  doesn't  vary  as  hydrogen  concentration  and  temperature,  and  it  varies  as 
crystal  structure  and  phase  composition  of  the  alloy.  The  solubility  of  hydrogen  in  a-Ti 
within  20C  — 300C  obeyed  following  the  relational: 

C  =  8.60  x  104e  x  p(-2.52  x  105/ T)  (4) 

In  which.  C — hydrogen  concentration  (ppm),  T — temperature  (k).  From  that,  the 
hydrogen  solubility  is  about  20ppm  in  room  temperature,  and  over  lOOOppm  at  300 C . 
For  this  reason,  once  the  hydrogen  has  been  produced  in  the  bath,  as  formula(2),  and 
will  be  absoi  bed  by  the  matrix  of  Ti  and  Ti-alloys.  The  hydrogen,  which  is  absorbed  by 
a-Ti  matri?.  under  the  bath  with  temperature  more  than  400 1: ,  is  precipitated  in  form 
of  the  hydrogenated  Ti  when  the  temperature  of  a-Ti  alloy  dropped  down  to  room 
temperature.  The  hydrogenated  Ti  is  precipitated  in  aciculate  shape,  that  resulting  in 
brittle  break,  in  1.2mm  thickness  sheet  of  Ti-2.5Cu  alloy  contained  280ppm  hydrogen, 
which  is  absorbed  under  the  descaling  condition  of  the  bath  with  1 5  wt%  NaNO,  and 
at  500 C ,  therefore,  in  order  to  prevent  from  hydrogen  absorption  of  the  sheets  descal¬ 
ing  in  the  bath,  first,  the  NaNO,  oxidizer  should  be  added  into  the  bath,  and  the  reac¬ 
tion  takes  place  as  following: 

2NaOH  +  Ti  +  O,  ►  Na,TiO,+  H,0  (5) 

Second,  the  temperature  and  time  should  properly  be  choiced,  so  that  preventing  the  re¬ 
action  as  formula(2),  as  far  as  possible  ,  because  it  is  difficult  to  stop  completely  the  re¬ 
action^)  under  the  condition  of  practical  descaling  at  large  quantities  due  to  non-uni¬ 
formity  of  oxide  skin  of  the  sheet  and  temperature  distribution  in  the  bath,  and  thus  it 
isn't  able  to  ensure  chemical  reaction  of  descaling  at  the  same  pace.That  means  it  is  sure 
for  producing  hydrogen  at  more  or  less  amount  as  formula(2).  So  it  is  effective  method 
for  adding  NaNO,  into  the  bath  to  prevent  the  sheets  from  hydrogen  pickup.  In  order 
to  further  understanding  the  relationship  between  hydrogen  absorption  and  descaling 
parameters  and  make  them  optimizing,  the  mathematical  model,  which  described  the  in¬ 
fluencing  regularity  of  temperature,  time  and  NaNO,  content  on  hydrogen  absorption 
of  0.7mm  thickness  sheets  descaled  in  the  bath,  has  been  established  on  basis  of  experi¬ 
ment  data  treated  by  computer.  Considering  descaling  efficiency  in  practical 
production,  the  range  of  NaNO,  content,  temperature  and  time  is  10-20wt%, 
430-490C  and  2-25  minutes  respectively  .Considering  the  effect  of  NaNO,  content  on 
the  hydrogen  absorption,  the  mathematical  model  can  be  described  as  exponent  func¬ 
tion: 

C„  =  A1exp(B,/CN)  (6) 

In  which,  CH — hydrogen  content  in  the  sheets(wt%),  CN — NaNO,content  in  the 

bath(wt%),  A,and  B, - coefficien.  related  with  descaling  temperature  and  time,  and 

material  state,  the  corresponding  values  of  A,and  B,in  the  model  formula  (6)  is  listed  in 
Table  3. 
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Temperature 

(t) 


Table3  The  values  of  A,and  B,in  Model  [6] 


Tempersture 

(t) 

Time 

(min) 

A, 

(x  10"*) 

B, 

430 

10 

2.5183 

1.4807 

15 

1.4553 

3.9052 

20 

1.0386 

5.4696 

265 

0.7421 

6.8456 

460 

5 

3.6075 

1.4487 

10 

2.8942 

1.8891 

15 

1.7778 

5.9072 

20 

1.9202 

6.3989 

490 

2 

1.6379 

3.7020 

5 

2.6263 

3.3890 

10 

3.3414 

5.4996 

15 

6.1638 

5.2621 

Fig  4  shows  that  the  curves  ploted  as  the  calculated  results  according  to  Model(6). 
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Fig  4  Effect  of  NaNOj  content  as  model  (6) 

Considering  the  effect  of  descaling  time,  the  mathematical  model  have  been  obtained  by 
means  of  linear  regression  as  following 

As  for  the  bath  with  430C:  CH  =  Ali,i  (7-1) 

As  for  descaling  in  the  bath  with  460 1  or  490C  : 

CH=  Ajexp(Bjt)  (7-2) 

t —  descaling  time,  A2,  B2 — coefficient  relating  with  temperature  and  NaNOj  content 
of  the  bath  and  materials.  The  former  (7-1)  is  a  power  function  and  the  latter  (7-2)  is 
an  exponent  function.  The  values  of  A2,  B2  are  listed  in  Table  4. 


Table  4  The  value  of  A,.  B,  in  model  (7- 1 )  and  (7-2) 


Temperature 

(C) 

NaNO,  content 
(wt%) 

( x  10*’) 

B, 

430 

10 

0.09332 

1.762886 

13 

1.02707 

0.63812 

20 

1.17021 

0.27593 

460 

10 

2.19366 

0.16238 

13 

3.343*7 

0.06998 

20 

2.33338 

0.06713 

490 

10 

7.89623 

0.17789 

13 

3.38301 

0.19102 

20 

3.39934 

0.13562 

Fig  S  shows  the  curve  of  Model(7-l),(7-2).It  can  be  seen  that  under  NaNO,  content 
over  ,Swt%  and  430U  temperature ,  the  curves  are  near  straight  line,  so  the  model(7-l) 
is  a  power  function  with  a  small  exponent(B]). 
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Fig.S  Eflfect  of  time  at  model  (7) 


Under  higher  temperature,  the  hydrogen  absorption  rate  is  more  sensitive  to  descaling 
time,  bee.' use  of  reaction  rate  between  oxide  skin  and  molten  alkali  is  alto  speeded  up. 
So  the  model(7-2)  is  an  exponent  function.  Finally, the  model  of  the  effect  of  tempera¬ 
ture  on  the  ifydrogen  absorption  it  expressed  as  Hyperbola  function: 

c7= <*> 

In  which,  K — original  Hydrogen  content  in  the  sheets  before  descaling  (about 
0.002ppm),  T-bati  temperature(£ ).  Aj,  Bj-coefficient  relating  with  NaNOj  content 
and  time  of  bath  detailing  and  material.  A,  and  B, values  are  listed  in  Table  5. 


Table  5 

A,.  B,  values  in  Model  (8) 

NaNO, 

(wtV.) 

time 

(mi.'.utes) 

Aj 

B, 

10 

10 

-1946.40 

959637.0 

15 

-680.57 

338090.8 

15 

10 

-3446.42 

1614054.0 

15 

-2217.48 

1098474.0 

20 

10 

-5317.10 

2645046.0 

15 

-3209.84 

1597990.0 

The  curves  shown  in  Fig  6  exhibit  clear  the  variation  of  hydrogen  content  with  descaling 
temperature. 
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Fig  6  The  effect  of  temperature  on  hydrogen  absorption  as  model  (8) 

Comparing  these  mathematic  models  obtained  in  the  present  work,  i.e  model  formula 
(6),  (7-1),  (7-2)  and  (8)  with  (3)  and  (4)  being  in  work  (3,6),  rather  defferent  functions 
between  them  can  be  seen.  In  fact,  the  hydrogen  concentration  (CH)  in  the  functions  [5] 
and  [6]  is  the  saturated  solutility,  but  the  hydrogen  in  model  functions  of  the  present 
work  is  nonsaturated.  These  models  described  the  beginning  situation  of  hydrogen 
absorption  under  the  jointed  effect  of  various  factors  in  descaling  bath. 

Conclusion 

(1)  The  descaling  oxide  skin  formed  during  annealing  of  Ti-2.$Cu  alloy  sheet  in  the 
molten  alkaline  bath, the  hydrogen  absorption  is  mainly  influenced  by  adding 
NaNOj  content,  temperature  and  time. 

(2)  According  to  criterion  of  hydrogen  content  allowed  in  the  sheet,  metal  loss,  sheet 
surface  appearency  and  descaling  efficiency,  the  proper  range  of  descaling  parameters, 
i,e.  NaNOj  content  of  10-20wt%  in  the  bath,  temperature  of  430-490C  and  time  of 
3-20  minutes  of  descaling,  can  be  selected. 

(3) The  established  model  function  between  the  hydrogen  absorption  and  descaling 
parameters  can  be  used  for  optimization  of  descaling  technology  in  the  bath. 
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Corrosion  Behavior  of  Ti-Ni-(Pd,Ru)-Cr  Alloys  in  Hydrochloric  Acid 
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ABSTRACT 

General  and  crevice  corrosion  behavior  of  titaniua  alloys(Ti-Ni-(Pd.Ru)-Cr  and  Ti-Cr) 
have  been  exaained  in  coaparision  with  unalloyed  titaniua.  Speciaens,  prepared  by 
unconsuaable  arc  aelting  in  an  argon  atoasphere,  sere  subjected  to  conventional  corrosion 
tests  in  boiling  hydrochloric  acids  and  chloride  solutions.  Electrocheaical  properties  of 
the  alloys  were  also  aeasured  in  order  to  understand  the  influence  of  chroaiua  addition  on 
the  corrosion  behaviors.  The  results  indicated  that  chroaiua  additions  to  titaniua  and 
Ti-Ni-Pd-Ru  alloy  affected  the  corrosion  behaviors.  Excellent  iaproveaent  in  general  and 
crevice  corrosion  resistance  was  achieved  by  addition  of  chroaiua  with  Ni.Pd  and  Ru. 

Hovever.  single  addition  of  chroaiua  significantly  deteriorated  corrosion  resistance  in 
hydrochloric  acids.  The  corrosion  kinetics  for  these  alloys  were  discussed  in  tera  of  the 
coaposltional  change  during  corrosion  process.  An  excellent  corrosion  resistance  of 
Ti-Ni-Pd-Ru-Cr  alloy  was  considered  to  be  originated  by  accelerated  dissolution  of  titaniua 
at  initial  stage  of  corrosion,  which  resulted  In  enrlchaent  of  Pd  and  Ru  in  the  corroded 
surface  region. 


Introduction 


Titaniua  exhibits  supreae  corrosion  behavior  in  the  aost  environaents  due  to  the 
presence  of  the  stable  passive  fila  on  the  surface.  For  this  reason  it  is  widely  utilized 
in  cheaical  industry  as  constraction  materials.  01  However,  in  aggressive  reducing 
environaents  or  concentrated  chloride  solution,  titaniua  is  susceptible  to  sever  general 
corrosion  and  crevice  corrosion.  <I>  A  nuaber  of  investigations  have  been  Bade  on  effect 
of  soae  alloying  cleaents  to  iuprove  the  corrosion  resistance  of  titaniua  in  such 
environaents.  According  to  the  result  reported  by  Stern1”  <‘>,  iaproveaent  in  corrosion 
resistance  of  titaniua  was  successfully  achieved  by  saali  additions  of  noble  aetals  such  as 
Pt  and  Pd.  which  proaote  its  passivation  in  reducing  environaentsOiyrochlorie  acids). 

The  resistance  to  crevice  corrosion  was  noticeably  laproved  by  addition  of  these  eleaents. 
It  has  also  deaonstrated  that  alloying  with  Ni  and  Mo  iaproves  corrosion  resistance  in 
acidic  chloride  aedia.  <*>  Utilization  of  these  titaniua  based  alloys  in  the  practical 

fields  arc  liaited  by  cost  or  aechanical  properties  and  fablicabi I i ty.  <l,>  Recently,  the 
needs  of  titaniua  alloys,  which  is  low-costed  and  has  excellent  fabl icabi I i ty  have  arose  in 
cheaical  industrial  fields.  We  already  observed,  reduction  of  the  corrosion  rate  of 
titaniua  by  saali  addition  of  Ni . Pd. Ru  in  boiling  HCI  solutions.  <ll>  Furteraore,  corrosion 
resistance  was  iaproved  by  addition  chroaiua  to  this  alloy,  is  particularly  interesting. 
Because,  single  addition  of  chroaiua  to  titaniua  has  deteriorated  corrosion  resistance 
exists  aaong  the  single  addition  of  chroaiua  and  coaposite  addition  of  chroaiua  to 
Ti-(Ni-Pd-Ru)  alloy. 
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Experimental  procedures 


I.  Preparation  of  speciiens 

Titanium  alloy  buttons  weighting  lOOg  were  prepared  by  nonconsuiable  arc  lelting  in  an 
argon  atiosphere.  Each  button  was  turned  over  and  reached  six  tiics  to  produce  homogeneity. 
The  alloys  were  further  hoiogenized  at  850"C  and  cold  rolled  to  2n  thick  sheet. 

Their  chemical  coapositions  are  given  In  Table  1. 


Table!  Chemical  coapositions  of  titanium  alloys  (wtX) 


alloys 

Ni 

Pd 

Ru 

Cr 

0 

Fe 

Ti-Ni-Pd-Ru 

0.41 

0.01 

0.02 

— 

0.06 

0.03 

Ti-Ni-Pd-Ru-Cr 

0.41 

0.01 

0.02 

0. 14 

0.06 

0.03 

Ti-Cr 

- 

- 

- 

0.16 

0.06 

0.03 

c.p.Ti  (ASTMGr.2) 

- 

“ 

- 

- 

0.06 

0.05 

Ti-Pd  (ASTMGr.7) 

— 

0.16 

— 

— 

0.06 

0.03 

N.H  ;  <0.  OlwtX 


2.  Immersion  test  for  Corrosion 

In  order  to  examine  the  corrosion  resistance  of  the  alloys  to  general  and  crevice 
corrosion  in  hydrochrolic  acids  and  chloride  solutions,  conventional  methods  have  been 
employed.  The  specimes  for  the  immersion  tests  were  abraded  by  wet  silicon  carbide  emery 
before  the  immersion.  Each  specimens  were  taken  out  from  the  glass  flask  after  24  hours 
immersion.  The  average  corrosion  rate  was  determined  from  the  corrosion  weight  loss. 

The  multi-crevice  technique  was  employed  to  examine  the  corrosion  resistance  of  the  alloys 
to  crevice  corrosion.  The  specimens  for  multi-crevice  corrosion  test  were  seted  up  by 
bolting  a  PTFE(Tef Ion  )  spacer,  having  16  grooves  on  the  contaning  face,  to  the  titanium 
sheet  by  using  titanium  fastenners.  The  cervice  corrosion  tests  were  performed  in  a 
boiling  42X  MgCl,(l42’C)solution.  The  specimens  were  taken  out  of  the  solution  after 
immersion  for  100  hours,  and  the  occurrence  of  crevice  corrosion  was  checked  by  surface 
observation  using  a  microscope. 

4.  Electrochemical  measurement 

In  order  to  understand  the  influence  of  alloying  additions  with  chromium,  electrochemical 
behaviors  of  the  alloys  were  examined  by  measurement  of  potentiodynamic  polarization  curves. 
The  electrochemical  cell  was  consist  of  1  liter  flask  with  Inlets  for  the  working  and 
counter  electrode  of  a  plutinum  sheet.  All  the  potentials  were  measured  with  respect  to  a 
Ag/AgCI  reference  electrode.  Electrochemical  measurements  were  performed  by  the  following 
methods.  The  corrosion  potential  and  potentiodynamic  polarization  curves  of  each  alloys 
were  measured  ir.  a  boiling  10X  HC1  solution.  The  potential  scanning  with  a  sweep  rate  of 
50mV/min  were  started  from  the  corrosion  potentials  after  keeping  for  ten  minutes  under 
open-circuit  condision.  For  comparisoin  between  the  alloys  in  ease  for  passivation,  the 
corrosion  potentials  were  measured  in  boiling  10XHCI  solutions  with  various  contents  of 
oxidizing  agency  Fe”.  Durability  reached  to  break  down  of  passivity  for  each  alloys  was 
obtained  by  monitoring  the  decay  of  the  potentials  after  polarlzated  at  +0.  2V  for  2  minuits. 

Following  experiments  were  carried  out  to  obtain  further  information  on  the  corrosion 
behavior  by  the  following  ;  corrosion  potent ial (Ecor. )-time  variations  and  compositional 
change  of  addition  elements  resulting  from  corroson. 

Result  and  Discussion 


1.  Immersion  test 

The  corrosion  rates  of  alloys  in  boiling  HC1  solutions  are  shown  in  Fig.  1.  The  measured 
corrosion  rates  of  all  the  alloys  increased  with  IIC1  concentration.  The  corrosion  rate  of 
Ti-Cr  alloy  was  larger  than  pure  titanium.  Single  addition  of  chromium  has  deteriorated 
corrosion  resistance  of  titanium  in  HC1  solutions.  On  the  other  hand,  The  addition  of  Ni, 
Pd,  Ru  reduces  the  corrosion  rate  of  titanium  by  almost  two  orders  of  magunitude,  further 
improvement  in  corrosion  resistance  was  achieved  by  addition  of  chromium  of  with  N i .  Pd.  Ru. 
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The  probabilities  for  occurrence  of  crevice 
corrosion  are  shown  in  Table  2.  For  pure 
titaniun,  crevice  corrosion  occured  with  the 
probability  of  100  X,  while  additin  of  Ni . Pd. 

Ru  to  titaniun  considerably  suppessed  crevice 
corrosion.  No  crevice  corrosion  occurrence  was 
observed  on  the  alloys  added  with  chroniun  and 
Ni.Pd.Ru.  Significant  difference  in  corrosion 
resistance  exists  among  the  single  addition 
chroniun  and  composite  adiltion  of  chroniun  to 
Ti-Ni-Pd-Ru  alloy.  Electrochemical  measurements 
and  surface  characterization  were  carried  out 
to  obtained  the  detailed  account  of  the 
influence  of  chromium  addition. 

2.  Polarizaition  curves 

Fig.  2  presents  the  potentiodynamic 
polarization  curves  obtained  with  the  alloys 
in  a  boiling  10XHC1  solution.  The  corrosion 
potential  of  each  alloys  are  more  noble  than 
that  of  pure  titanium.  In  Ti-Cr  alloy,  the 
critical  current  density  for  passivation  was 
higher  than  that  of  pure  titanin.  This  was  in 
agreement  with  the  results  of  immersion  test 
in  such  environment.  It  was  considered  that 
chromium  addition  caused  to  shift  sightly  the 
corrosion  potential  of  titanium  in  the  noble 
direction,  resulted  in  increase  of  exchange 
current  at  the  corrosion  potential. 

On  the  contrary,  chromium  addition  with 
Ni .  Pd  and  Ru  was  found  to  more  effective  in 
passivity  In  this  alloy,  no  active-passive 
transition  region  was  observed  and  the 
corrosion  potential  was  more  noble  than  that 
of  the  alloy  added  with  Ni. Pd  and  Ru.  which 
promoted  passivation  of  titanium. 

3.  Passivation  Fe'*  ion  concentration 

Fig.  3  shows  the  depedence  of  the  corrosion 
potentials  on  the  concentration  of  oxidizing 
agency  Fe**  in  a  boiling  10XHC1  solution. 

Each  alloys  has  steep  increase  of  the 
corrosion  potential  at  certain  Fe” 
concentration,  which  exhibited  ease  to 
passivation  in  such  environment. 

Pure  titanium  exhibited  potential  in  up  to 
active  dissolution  Fe”  ion  cocentration  of 
lOppm,  and  then  the  corrosion  potential 
shifted  abruptly  to  the  passivation  region  at 
30ppm,  and  steadies  at  approximately  +0. 08V 
indicating  the  passivation.  This  suggested 
that  the  critical  Fe”  ion  concentration  for 
passivation  of  c.p. Ti  is  22ppm.  The  critical 
concentrations  for  Ti-Cr.  Ti-Ni-Pd-Ru  and 
Ti-Ni-Pd-Ru-Cr  were  24,  6.2  and  2.  7ppm, 
respectively.  Chromium  addition  to  pure 
titanium  or  Ti-Ni-Pd-Ru  alloy  shifted  the 
corrosion  potential  in  the  noble  direction, 
leading  to  alternative  influences  in  the 
different  based  alloys.  Chromium  addition 


Fig.  1  Influence  of  HCI  concentration 
on  corrosion  rate  of  titanium 
alloys 


Table  D  Probability  of  crevice  corrosion 
occurrence  of  titanium  alloys 


alloy* 

Probability  of  cravlea  corrosion 
occurranca  {%) 

TI-NI-Pd-Ru 

18.9 

Tl-Ni-Pd-Ru-Cr 

0 

Ti-Cr 

62.4 

c.p.TI  (ASTM  02) 

100 

Tl-Pd  (ASTM  07) 

0 

Fig.  2  Polarization  curves  of  titsnlun.  slloys 


caused  enhancement  of  active  dissolution  through  the  increasing  of  exchange  current. 
However,  enhanced  passivation  was  taken  place  by  chromium  addition  with  Ni.Pd  and  Ru.  and 
the  corrosion  potential  was  resided  in  the  passivation  of  titanium. 


alloy 

r*1*(PP*n) 

• 

TI-NI-Pd-Ru-Cr 
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o 

Tl-Nl-M-Ru 

6.2 
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24.0 
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220 
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Fe3*  concentration  (ppm)  Flg.4  Potential  decay  curve*  of 

Flg.3  Effect  of  Fe3*  content  of  corrotlon  titanium  alloy* 

potential  of  titanium  alloys 

4.  Measurments  of  durabilities  to  depassivation 

The  potential  decay  curves  for  the  alloys  are  shown  in  Fig. 4.  These  curves  were  obtained 
under  open-circuit  condition  after  holding  the  potential  at  +0.  2V  for  2  minutes. 

The  corrosion  potentials  were  decreased  toward  the  less-noble  potentials  with  immersion 
time.  In  pure  titanium,  the  potential  was  immediately  shifted  to  less-noble  after  the 
polarizating  and  reached  to  the  saturation  at  -0.83V.  The  decay  curve  of  Ti-Cr  alloy  was 
similar  to  that  of  pure  titanium,  but  the  potential  was  saturated  at  -0.56V.  On  the  other 
hand,  alloys  added  with  N  i,  Pd,  Ru  and  with  Ni.Pd,  Ru,  Cr  were  found  to  the  potentials  for  in 
passivation  after  sufficient  immersion.  It  was  noted  that  the  potentials  were  gradually 
shifted  to  the  active  dissolution  region  and  reversibly  increased  to  reside  in  the  passive 
region,  the  result  from  these  measurements,  indicated  that  the  improvement  of  corrosion 
resistance  of  titanium  introduced  by  chromium  addition  with  Ni.Pd  and  Ru  through  the 
enhancement  of  passivity. 

5.  Corrosion  potential  (Ecor. )  -  time  variations  0 

The  corrosion  potentials  of  the  alloys  at 

various  immersion  time  in  a  boiling  10XKC1 
solution  are  shown  in  Fig. 5.  The  corrosion 
potential  of  pure  titanium  showed  a  noble 
potential  of  about  -0.36  V  at  an  early  stage 
of  immersion,  but  the  potential  shifted 
abruptly  to  the  less  noble  side  after  about 
2. 5min,  and  steadied  at  -0.76  V. 

The  corrosion  potential  of  T'-Ni-Pd-Ru  alloy 
was  noble  in  early  stage  of  immersion, 
and  then,  became  less-noble  with  a  prolonged 
immersion,  and  showed  noble  again  after 
immersion  of  20  minutes.  The  similar  behavior 
was  obtained  in  Ti-Ni-Pd-Ru-Cr  alloy. 

Ti-N i-Pd-Ru-Cr  alloy  remained  active  for 
early  stage  to  become  passive.  This  behavior 

was  interpreted  by  enrichment  of  alloying  elements  during  initial  immersion  stage. 

However,  reversibly  changing  the  potential  in  Ti-Ni-Pd-Ru-Cr  alloy  was  occurred  in  the 
earlier  initial  stage  than  that  of  Ti-Ni-Pd-Ru  alloy  and  the  saturated  potential  was  more 
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Flg.5  Corrosion  potential  change  of  titanium 
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Fig.  6  depth  profile  of  Ti-NI-Pd-Ru  alloys 
Immersed  In  boiling  10%HC! 


Fig.7  depth  profile  of  TI-NI-Pd-Hu-Cr  alloys 
immersed  In  boiling  10%HCI 


noble  than  Ti-Cr  alloy.  This  result  was  comparable  with  the  potential  decay  behavior,  as 
can  be  seen  in  Fig. 4.  Consequently,  the  chemical  composition  of  surface  on  titanium  was 
changed  with  immersion  time  in  a  boiling  HCI  solution. 

6.  Chemical  composition  of  corroded  surfaces 

The  compositional  depth  profiles  of  alloy  elements  were  determined  by  using  secondary  ion 
micro  spectroscopy  (SIMS)  technique  with  sequential  argon  sputtering.  Figure  6  shows  the 
profiles  for  Ti-Ni-Pd-Ru  alloy  obtained  after  immersion  with  various  time.  Figure  7  is  for 
Ti -N i -Pd-Ru-Cr  alloy.  Concetration  of  Pd  and  Ru  in  the  surface  region  increased  in  both 
alleys  with  immersion  time.  However,  Pd  and  Ru  enrichment  in  the  surface  region  was  more 
accelerated  by  chromium  addition  to  Ti-Ni-Pd-Ru  alloy.  The  difference  between  both  alloys 
in  enrichment  of  Pd  and  Ru.  became  dear  at  a  prolonged  immersion  time.  This  result 
suggested  enrichment  of  Pd  and  Ru  on  surface  of  titanium  accelerated  by  the  preferential 
dissolution  of  titanium  by  addition  of  Cr  on  Ti-Ni-Pd-Ru  alloy. 


Conclusion 


An  effect  of  Chromium  addition  to  Ti-(Ni-Pd-Ru)  alloy  on  the  behavior  has  been 
investigated  by  conventional  immesion  tests  and  characterization  of  electrochemical 
properties.  The  obtained  results  are  summarized  as  follows: 

(1)  The  corrosion  resistance  of  titanium  is  deteriorated  by  single  addition  of  chromium 
in  boiling  1IC1  solutions.  However  the  addition  of  N  i .  Pd.  Ru  reduces  the  general 
corrosion  rate  of  titanium,  further  improvement  was  achived  by  addition  chromium  with 
Ni,  Pd  and  Ru. 

(2)  Passivity  was  enhanced  by  addition  chromium  to  Ti-(Ni-Pd-Ru)  alloy.  Furthermore, 
formed  passive  film  was  greatly  toughened  in  reducing  acids. 

(3)  The  corrosion  kinetic  of  Ti-(Ni-Pd-Ru)-Cr  alloy  was  concluded  that  the  enrichment  of 
Pd  and  Ru  on  the  surface  was  enhanced  by  acceleration  of  the  preferential  dissolution 
of  titanium  by  addition  of  chromium 
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Thin  Nj/HjO  Ion  Baam  Treated  Titanium  Layers  aa  Dlffualon  Barrier 
for  Hydrogen 

B.Kempf 

Deutsche  Bundespost  TELEKOM,  Forschungslnstitut  beim  FTZ 
Am  Kavallerlesand  3,  D-6100,  Darmstadt,  Germany 

A  new  method  to  passivate  titanium  against  indiffusion  of  hydrogen  Is  demon¬ 
strated.  Nitrogen  ion  beaming  of  Ti  in  presence  of  a  low  HzO  background  pressure 
leads  to  formation  of  a  titanlumoxinltride  layer,  which  works  as  a  diffusion  barrier. 
Diffusion  is  studied  by  the  method  of  layer  lift  off  provoked  by  generation  of 
strain  at  an  Ti-InP  interface. 

1.  Introduction 

TIN  is  well-known  in  surface  science  and  engineering  for  its  great  hardness  and 
chemical  stability.  In  addition  it  is  applied  as  a  diffusion  barrier  in  semiconductor 
contact  -  and  interconnection  technology  where  it  helps  to  avoid  unwanted  inter- 
metallic  mixing!  1,2).  Onoe  et  al.  (  3  )  have  shown  recently  that  thin  TIN  films 
deposited  by  an  activated  reactive  evaporation  ( ARE )  process  can  supress  hydrogen 
outdiffuslon  in  stainless  steel,  a  procedure  with  important  consequences  for  future 
ultra  high  vacuum  technology. 

Usually  thin  TIN  layers  are  deposited  either  by  reactive  sputtering  or  by  reactive 
evaporation  in  a  low  pressure  nitrogen  atmosphere.  However,  the  application  of  both 
methods  to  semiconductor  technology  is  limited.  In  the  former  case  the  all  angle 
impingement  of  the  sputtered  material  is  not  compatible  with  lift  off  processes  for 
patterning  contact  pads  and  fine  interconnection  lines.  In  the  latter  case  the  high 
substrate  temperature  required  for  TIN  formation  may  be  detrimental  to  the  electrical 
properties  of  semiconductor  and  contact.  These  insufficiencies  are  circumvented  by 
the  method  introduced  in  the  present  paper: 

It  la  demonstrated,  that  simple  NJ/H2O  ion  beam  treatment  can  passivate  the  surface 
of  a  thin  Tl- layer  to  prevent  indiffusion  of  hydrogen  at  least  up  to  a  temperature  of 
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3S0°C.  Such  a  thin  surface  layer  consisting  of  non  stoichiometric  titaniumoxlnltride 
was  already  shown  to  be  responsible  for  the  extremely  low  etch  rate  when  Ion  beam 
etching  titanium  with  a  N2/H2O  gas  mixture  (  4 ).  The  condition  for  diffusion  barrier 
formation  and  the  mechanism  which  suppresses  hydrogen  indiffuslon  are  discussed. 
The  importance  of  nitrogen  Is  elucidated  by  comparison  with  experiments  of  hydrogen 
indiffuslon  into  Ar/H20  treated  and  naturally  oxidized  titanium  layers. 

2.  Experimental  procedures 

Titanium  layers  with  thicknesses  in  the  range  of  100  to  300  nm  are  evaporated 
by  e-gun  in  a  turbomolecuiar  pumped  stainless  steel  chamber.  Before  coating  the 
wafer  the  base  pressure  of  the  system  (p  =  S  •  10“7  torr  )  is  further  lowered  by 
preevaporation  of  titanium  against  the  chamber  wall.  Chemomechanlcally  polished 
( 100  )-InP  wafers  are  choosen  as  substrate  material.  InP  fullfills  the  demand  for  an 
easily  cleaveable  smooth  substrate,  which  shows  no  interfacial  reaction  with  titanium 
up  to  a  temperature  of  3S0°C.  Ion  beaming  of  the  titanium  films  is  done  in  a  second 
vacuum  system  of  similar  performance  and  base  pressure.  It  is  equipped  with  a 
Kaufmann-type  ion  gun  (  MIM  TLA  S.S  II  Technics  GmbH,  Europe).  The  etch  gas 
(N2  or  Ar)  is  admitted  through  the  gun,  while  the  HzO  gas  is  fed  directly  into  the 
etch  chamber  providing  a  non  ionised  background  atmosphere.  At  working  conditions 
the  N2  (  Ar  )-pressure  amounts  to  M0"3  torr  In  the  gun,  to  410"5  torr  In  the 
chamber.  The  H20-gas  flow  is  adjusted  to  reach  a  partial  pressure  of  110"3  torr. 
Throughout  the  experiments  etching  is  done  with  an  ion  beam  current  density 
between  0.S  and  1  mA/cm2  and  an  ion  energy  of  1000  eV.  The  samples  to  be  etched 
are  fixed  with  photoresist  on  a  watercooled  stage,  wlch  Is  rotated  by  2  rpm.  The 
angle  of  ion  beam  incidence  is  fixed  at  It. 5°.  3  types  of  samples  are  tested  for  their 
behaviour  against  hydrogen  indiffuslon : 

1  )  naturally  oxidized  titanium 

2  )  titanium  ion  beam  treated  with  ArVHzO 

3  )  titanium  ion  beam  treated  with  N2VhzO 

The  process  sequence  consists  of  heating  up  the  samples  in  a  neutral  hydrogen 
stream  at  a  rate  of  280°/mln,  holding  the  temperature  at  a  level  of  330°C  for  times 
tL  up  to  10  min  and  cooling  down  to  room  temperature  at  a  rate  of  140°/min.  The 
temperature  -  time  variation  is  accomplished  by  a  programmable  temperature 
controller.  Simultaneously  the  surface  state  of  the  titanium  layer  is  monitored  via 
the  Intensity  of  the  reflected  light  of  a  633nm  He-Ne  laser!  Fig.l  ). 


3.  Experimental  result!  and  discussion 

As  revealed  by  X-ray  diffraction  the  evaporated  titanium  layers  cryatalize  in  the 
hexagonal  a-phase  with  a  strong  texture  having  the  base  plane  parallel  to  the  InP 
(100)  surface.  SEM  pictures  of  the  films  show  a  columnar  structure,  which  Is 
often  also  found  in  the  case  or  TIN  coatings.  The  coarse  grain  boundaries  of  such  a 
structure,  leading  directely  into  the  interior,  are  excellent  fast  diffusion  paths  and 
have  to  be  stuffed  for  a  good  barrier  function.  This  can  be  done  by  oxidation  ( S,6). 

In  the  present  work  the  problem  Is  solved  by  ion  beaming  of  titanium  with  N2/H2O, 
a  low  temperature  process  which  does  not  interfere  with  lift  off  technology.  In  this 
process  nltridation  of  the  sample  is  done  simultaneously  by  ion  beam  implantation 
and  absorption  of  nitrogen  coming  from  the  N2  background  atmosphere.  Oxidation 
is  performed  via  chemisorption  of  water  on  the  sample's  surface.  Since  the  sample 
Is  thermally  coupled  to  a  watercooled  stage  the  sticking-coefficients  for  water  and 
nitrogen  are  high,  especially  in  that  part  of  the  surface  where  titanium  atoms  are 
uncovered  by  physical  sputtering  of  Incoming  nitrogen  Ions.  As  the  heat  of  formation 
of  TIN  and  T102  is  similar  and  negative,  competition  between  N2  and  H20  in  forming 
a  surface  layer  Is  expected.  In  a  simplified  picture  build  up  of  non  stoichiometric 
titaniumoxinitride  seams  feasible.  An  enrichment  of  nitrogen  and  an  easy  formation 
of  TIN  within  the  penetration  depth  of  the  nitrogen  Ion  beam  are  expected.  This 
process  is  promoted  by  the  fact  that  primary  molecular  N2  -ions  dissociate 
immediately  at  the  surface  Into  twice  the  number  of  highly  reactive  N  atoms  . 

To  show  the  combined  role  of  N2  and  HzO  for  the  formation  of  a  barrier  some  tita¬ 
nium  layers  have  been  ion  beamed  with  AtVHzO  instead  of  N2/H20.  In  the  case  of 
AtVH20  treatment  a  dynamical  balance  is  reached  between  preferential  sputtering 
of  oxygen  and  the  reoxidation  of  titanium  and  it's  partly  reduced  oxides  (  TiO,  Ti203  ) 
by  impinging  water  molecules. 

To  prove  hydrogen  indiffusion  ,  a  phase  transition  in  the  system  Ti  -  H  is  exploited. 
Strain  thereby  generated  at  the  Ti  -  InP  interface  leads  to  blisters  at  the  sample's 
surface.  According  to  the  phase  diagram  (7,  8)  Fig  (  2)  titanium  can,  depending  on 
It's  temperature  ,  dlsolve  up  to  8  atX  hydrogen  in  it's  hexagonal  a-phase.  During 
cooling  down  the  sample  from  a  point  in  the  a-region  the  phase  boundary  is  crossed 
into  a  t*vo  phase  region  (  a  ♦  y  >  where  the  y-phase  is  of  a  body  centered  cubic  lattice 
type.  Fig  (  3  )  shows  a  blistered  titanium  layer  on  InP  after  hydrogenation  and  cooling 
down.  The  sud'’-n  change  of  the  titanium  surface  from  mirrorlike  reflection  to 
diffuse  scattering  allows  the  exact  determination  of  the  transition  temperature  via 
reflection. 


Figure  1  -  Experimental  eet-up  for  the  study  of  hydrogenation 
beharlour  of  titanium  films  on  InP- substrates. 


Atomic  per  cent  hydrogen 
Figure  2  -  Tl  -  H  phase  diagram  (  detail  ). 


Fig  (  4  )  shows  transition  temperatures  for  different  holding  times  for  the  case  of 
naturally  oxidized  and  ArVH20  ion  etched  samples.  The  holding  temperature  was 
fixed  at  330°  C.  The  increase  of  the  transition  temperature  with  increasing  holding 
time  is  a  consequence  of  the  a/<  «»y)-phase  boundary.  The  different  behaviour  of 
unetched  and  Ar*/H20  etched  samples  is  due  to  different  velocity  of  hydrogen  in¬ 
diffusion.  The  presence  of  additional  diffusion  paths  due  to  lattice  vacancies  in  the 
latter  case  makes  H2  indiffusion  faster. 

The  behaviour  of  N2*/H20  ion  etched  samples  proved  to  be  completely  different. 
They  don't  blister  across  the  surface  when  treated  with  neutral  hydrogen.  Obviously 
the  generated  surface  layer  acts  as  a  diffusion  barrier.  This  assumption  is  supported 
by  the  fact  that  samples  cleaved  after  ion  beam  etching  show  blistering  effects 
starting  at  freshly  opened  Ti  side  wall  areas.  Fig  (  S  ) 


Figure  4  -  Influence  of  hydrogen  loading  time  on  the  phase 
transition  of  titanium. 


Figure  S  - 
N2/HzO  ion  etched 
sample  after  hydro¬ 
genation. 
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4.  Conclusion* 


Ion  beaming  of  titanium  with  N2VH2O  creates  a  surface  layer  which  prevents 
hydrogen  lndiffuslon.  The  barrier  function  was  tested  at  330° C.  The  upper  limit  of 
3S0°C  for  H2  diffusion  experiments  is  not  governed  by  the  thermal  stability  of  the 
barrier  layer  but  by  the  start  of  an  Intermetallic  reaction  at  the  Tl-InP  Interface, 
which  strengthens  adhesion  and  prevents  blistering  even  in  the  case  of  Ar*/HzO 
treated  samples. 
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Ripple  Load  Degradation  in  Titanium  Alloys 
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Abstract 

The  influence  of  ripple  loads  (small  amplitude  cyclic  loads  superimposed  on  a  large 
sustained  load)  on  the  stress-corrosion  cracking  (SCC)  resistance  of  various  titanium  alloys  has 
been  investigated.  It  has  been  found  that  the  extent  of  ripple  load  degradation  in  a  3.5%  NaCI 
aqueous  environment  varies  with  the  material's  inherent  resistance  to  SCC.  For  instance,  the 
application  of  small  ripple  loads  to  SCC-resistant  materials,  such  as  beta-annealed  Ti-6A1-4V 
and  all  beta  alloy  Ti-15V-3Cr-3Al-3Sn,  causes  a  large  degradation  that  is  manifested  by  a 
significant  reduction  in  time-to-failure  and  threshold  stress  intensity.  However,  ripple  loads 
appear  to  cause  relatively  little  or  no  damage  to  the  less  SCC-resistant  materials  such  as 
recrystallization-annealed  Ti-6AI-4V  and  duplex -annealed  Ti-8Al-lMo-lV.  This  apparent 
contrast  between  SCC  and  ripple-load  cracking  susceptibilities  can  be  reconciled  with  the 
recently  developed  predictive  framework  for  ripple-load  degradation. 


Introduction 

Ripple  loading  refers  to  the  superposition  of  relatively  small  amplitude  cyclic  load 
perturbations  on  a  much  larger  static  load.  (Ripple  loading  usually  assumes  a  stress  ratio,  R  ^ 
0.90.)  This  contrasts  with  the  stress-corrosion  cracking  (SCC)  phenomenon,  which  assumes  a 
constant  load  condition.  The  presence  of  small  amplitude  load  perturbations  can  have 
significant  effects  on  the  SCC  resistance  of  materials  and  is  described  as  the  "ripple  effect"  by 
Spcidel  1 1 ).  Recent  work  on  steels,  titanium  alloys,  and  aluminum  alloys  has  suggested  that 
these  ripple  loads  can  significantly  reduce  the  apparent  SCC  threshold  and  can  shorien  the  life  of 
a  structure  |2-5|.  Parkins  |6,7|  has  observed  that  small  fluctuating  loads  may  produce  SCC  at 
significantly  lower  stresses  than  those  required  to  produce  SCC  under  purely  static  loads. 
Komai  et  al.  |8-10|,  in  a  series  of  investigations,  have  found  that  small  vibratory  stresses  can 
considerably  decrease  the  apparent  SCC  threshold  and  refer  to  this  phenomenon  as  "dynamic" 
stress-corrosion  cracking.  Thus,  a  design  solely  based  on  the  static  Kiscc,  without  a  proper 
consideration  of  the  ripple-load  effect,  may  be  nonconservative. 

Not  all  materials,  however,  are  susceptible  to  ripple  load  degradation.  Generally 
speaking,  SCC-resistant  alloys  are  more  likely  to  exhibit  ripple  load  degradation  while  the  SCC- 
susceptible  alloys  are  less  likely.  For  instance,  Crooker  el  al.  |2|  demonstrated,  using  a  ripple 
load  equal  to  10  per  cent  of  the  maximum  applied  load,  a  60  per  cent  degradation  from  the  static 
Kiscc  level  in  the  case  of  an  HY-130  steel,  yet  absolutely  no  degradation  in  the  case  of  a  4340 
steel. 
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The  purpose  of  this  paper  is  to  show  that  various  titanium  alloys,  particularly  the  SCC- 
resistant  alloys  such  as  beta-annealed  Ti-6A1-4V  and  beta  Ti-15V-3Cr-3Al-3Sn,  may  exhibit 
substantia]  degradation  due  to  the  ripple-load  effect  (RLE),  arid  to  demonstrate  that  the 
sensitivity  of  a  specific  material  to  ripple-load  degradation,  or  the  lack  thereof,  is  predictable 
Critical  conditions  for  ripple  load  cracking  and  a  methodology  for  quantitative  prediction  can  be 
obtained  if  the  ripple-load  effect  is  considered  in  terms  of  the  interface  between  corrosion  fatigue 
and  stress-corrosion  cracking.  A  new  ri;jple  load  cracking  threshold,  Kirlc.  which  marks  the 
onset  of  ripple  load  crack  growth,  has  iieen  devised  and  is  offered  as  a  design  parameter  to 
represent  the  upper  bound  of  the  design  limit. 


Materials  and  Experimental  Procedures 

Titanium  alloys  included  in  this  study  were  rolled  plates  of  beta-  and  recrystallization- 
annealed  Ti-6AI-4V,  beta-  and  duplex-annealed  Ti-8Al-lMo-lV  and  Ti-15V-3Cr-3AI-3Sn. 
The  chemical  compositions  are  given  in  Table  I.  Specific  heat  treatments  and  mechanical 
properties  are  available  from  previous  publications  |4,1 1], 

To  simulate  a  ripple-load  condition  and  to  measure  threshold  levels  of  stress-intensity 
range  directly,  precracked  specimens  were  cyclically  loaded  at  room  temperature  in  a  3.5% 
NaCI  solution  with  a  stress  ratio  (minimum:  maximum)  of  R  =  0.9(1  (10%  ripple  loading),  a 
haversine  waveform,  and  a  cyclic  frequency  of  5  Hz.  SCC  thresholds  were  determined  in  the 
3.5%  NaCI  solution  using  slow-strain  rate  tests  with  a  loading  rate  of  10-4  MPaVm/s.  Crack 
lengths  were  determined  using  a  compliance  related  CMOD  technique.  Details  of  the 
experimental  procedures  have  been  published  elsewhere  |2-5). 


Table  I  Chemical  Compositions  (wt%) 


Material 

Ai 

V 

Mo 

Cr 

Sn 

Fe 

O 

C 

H 

Ti-6AI-4V 

6.7 

4.3 

0.1 

0.20 

0.03 

0.006 

Ti-8AI-lMo-IV 

7.8 

1.1 

1.0 

- 

- 

0.07 

0.11 

0.03 

0.0046 

Ti- 1 5V-3Cr-3Al-3Sn 

2.8 

14.1 

- 

2.5 

2.4 

- 

0.13 

0.015 

Results  and  Discussion 


(A)  Analysis  of  the  Ripple  Load  Effect 

In  the  present  investigation,  the  authors  treat  ripple-load  cracking  (RLC)  as  a  high  stress 
ratio  corrosion  fatigue  phenomenon.  The  critical  conditions  and  the  predictive  methodology  for 
ripple  load  effects  involve  the  interface  between  SCC  and  corrosion  fatigue  behavior.  In  this 
study,  our  attention  was  focused  on  the  regime  below  Kiscc  where  propagation  of  existing 
cracks  and  failure  are  not  expected  under  a  constant  load  condition.  Thus,  in  the  presence  of 
small  ripples  superimposed  on  a  large  sustained  load,  the  maximum  stress  intensity  in  the  ripple 
RL 

load  cycle,  Kmaj,,  was  equal  to  or  less  than  Kiscc-  That  is,  the  first  condition  for  ripple  load 
cracking  can  be  set  as: 


Cax  5  K'SCC  (1) 

On  the  other  hand,  from  corrosion  fatigue  considerations,  crack  propagation  is  not  going  to  take 

R1 

place  during  ripple  loading  unless  the  applied  stress  intensity  range,  AK  ,  in  the  ripple  cycle 
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equals  or  exceeds  the  threshold  stress  intensity  range,  AK(h,  or: 


AK,h  £  AKrl  (2) 

or  AKu,/(l-R)  £  (2a) 

Here,  a  new  parameter,  Kirlc.  the  ripple  load  cracking  threshold  below  which  ripple  load 
cracking  will  not  occur,  can  be  defined  as: 


Kirlc  =  ak*/(I-R) 

This  new  ripple  load  cracking  threshold,  Kirlc.  «  conceptually  similar  to  that  of  the  SCC 
threshold,  Kiscc.  under  the  sustained  load.  Like  Kiscc.  Kirlc  f°r  a  given  material  is  affected 
by  the  test  environment  and  temperature.  Also,  as  shown  in  Relation  (3),  Kirlc  *s  influenced 
by  the  stress  ratio  as  well. 

Combining  (1),  (2a),  and  (3),  the  conditions  for  a  material  to  exhibit  ripple  load  cracking 
are: 


Kirlc  £  Kmu  £  Kiscc  (4) 

Relation  (4)  is  schematically  illustrated  in  Fig.  1 .  The  shaded  region,  whose  upper  bound  is  the 
SCC  threshold,  Kiscc.  and  whose  lower  bound  is  the  ripple  load  cracking  threshold,  Kirlc. 
defines  a  "window  of  susceptibility"  in  which  the  ripple  load  effect  would  be  anticipated.  The 
wider  the  window  the  more  susceptible  the  material  is  to  ripple  load  cracking.  In  the  extreme 
case  where  Kirlc  approaches  Kiscc.  the  susceptibility  window  is  closed  and  no  ripple  load 
effect  is  expected.  The  ripple  load  cracking  time-to-failure  curve,  for  a  particular  structural 
geometry,  can  be  predicted  from  a  simple  piecewise  numerical  integration  of  the  corrosion- 
fatigue  crack  growth  rate  curve.  This  predicted  ripple  load  cracking  time-to-failure  curve  can  be 
verified  with  actual  data  from  stress-corrosion  cracking  tests  conducted  under  sustained  loading. 


Fig.  1  Schematic  showing  the  ripple  load  effect  and  the  "window  of  susceptibility." 
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If  one  considers  the  difference  between  K*lc  *nd  Kiscc.  then  the  maximum  extent  of 
ripple  load  degradation  can  be  defined  as: 

%  degradation  =  (1  -  Kirlc /KiSCC) x  100  (5) 


(B)  Ripple  Load  Cracking  in  Titanium  Alloys 

(i)  Ti-6AI-4V 

The  predicted  ripple  load  cracking  curves,  based  on  the  numerical  integration  of 
corrosion  fatigue  curves  obtained  at  R=0.9,  for  BA  and  RA  Ti-6AI-4V,  which  exhibit  different 
levels  of  SCC  resistance,  are  shown  in  Figs.  2  and  3.  For  BA  Ti-6A1-4V,  a  static  Kiscc  was 
established  at  60  MPa'/m.  The  AKth  value  for  R=0.9  for  this  alloy  is  2.8  MPaVm.  From 
Relation  (3),  the  threshold  value  under  a  ripple  load  condition  of  R=0.9,  Kirlc,  is  analytically 
predicted  to  be  28  MPaVm.  As  shown  in  Fig.  2,  a  large  susceptibility  window  bounded  by 
Kiscc  and  Kirlc.  representing  a  33%  ripple  load  degradation,  exists  for  this  SCC-resistant 
titanium  alloy.  Experimental  data  illustrate  a  good  agreement  with  the  predicted  time-to-failure 
curve. 


Figure  3  shows  the  ripple  load  degradation  of  the  RA  Ti-6A1-4V,  which  is  less  SCC 
resistant  than  the  BA  Ti-6A1-4V.  The  ripple  load  cracking  threshold  was  determined  to  be 
around  39  MPaVm,  which  is  about  9%  lower  than  the  static  Kiscc-  The  lower  degree  of  RLC 
susceptibility  is  partly  due  to  the  low  static  Kiscc  of  this  alloy,  which  defines  the  upper  bound 
of  the  susceptibility  window. 

(ii) Ti-8Al-lMo-lV 

The  predicted  ripple  load  cracking  curves  for  BA  and  DA  Ti-8Al-lMo-l  V  are  shown  in 
Figs.  4  and  5.  Following  the  trend  established  for  Ti-6A1-4V,  the  moderately  SCC-resistant  BA 
Ti-8Al-lMo-lV  exhibits  a  larger  degree  of  ripple  load  degradation  (19%)  while  the  less  SCC- 
resistant  DA  Ti-8Al-lMo-l  V  demonstrates  no  ripple  load  degradation. 

(iii)  Ti- 1 5V-3Cr-3  Al-3Sn 

Ti-15V-3Cr-3Al-3Sn  is  a  beta  titanium  alloy  with  good  resistance  to  salt  water  stress- 
corrosion  cracking.  However,  as  shown  in  Fig.  6,  when  this  alloy  experiences  ripple  loading 
in  an  SCC  environment,  cracking  can  occur  at  stress  intensities  as  much  as  72%  below  the 
apparent  Kiscc- 

The  ripple  load  cracking  susceptibility  and  the  extent  of  ripple  load  degradation  of  the 
five  alloys  studied  are  summarized  in  Table  II.  Table  II  clearly  demonstrates  that  materials 
which  exhibit  greater  SCC  resistance  under  static  load  conditions  are  far  more  susceptible  to 
ripple  load  degradation.  Without  exception,  highly  SCC-resistant  alloys  are  more  prone  to 
ripple  load  degradation  than  less  SCC  resistant  alloys.  The  two  most  highly  SCC-resistant 
alloys,  BA  Ti-6A1-4V  and  beta  Ti-15V-3Cr-3Al-3Sn,  with  their  Kiscc  levels  of  about  60 
MPaVm,  experience  reductions  of  more  than  50%  in  apparent  Kiscc  when  they  are  subjected 
to  ripple  load  conditions.  The  two  moderately  SCC-resistant  alloys,  RA  Ti-6A1-4V  and  BA  Ti- 
8AI-IM0-IV,  both  with  Kiscc  levels  of  about  43  MPaVm,  are  less  susceptible  to  ripple  load 
degradation.  DA  Ti-8Al-lMo-l  V,  the  least  SCC-resistant  alloy  in  the  group,  with  a  Kiscc  of 
about  23  MPaVm,  exhibits  no  ripple  load  degradation.  The  significance  of  this  finding  is 
obvious,  at  least  phenomenologically,  as  a  structure  designed  to  the  high  Kiscc  of  a  highly 
SCC-resistant  material  may  fail  if  ripple  load  conditions  exist.  To  circumvent  this  problem,  it  is 
suggested  that  the  ripple  load  cracking  threshold,  Kirlc,  should  be  considered  along  with  the 
static  Kiscc  to  determine  allowable  stress  and  inspection  intervals. 

Ripple  load  cracking  characteristics  can  be  affected  by  mechanical  and  environmental 
parameters.  However,  many  of  these  are  not  adequately  understood.  The  size  of  the  ripple  can 
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STRESS-INTENSITY  FACTOR  (MPaVm) 


TIME  -TO-FA1LURE  (hours) 

Fig.  2  Ripple  load  response  in  beta-annealed  Ti-6A1-4V. 


TIME-TO-FAILURE  (hours) 


Fig.  3  F  .dieted  ripple  load  response  in  recrystallization-annealed  Ti-6A1-4V. 


Fig.  4  Predicted  ripple  load  response  in  beta-annealed  Ti-8Al-IMo-IV. 
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Fig.  5  Predicted  ripple  load  response  in  duplex-annealed  Ti-8Al-lMo-lV. 


Fig.  6  Predicted  ripple  load  response  inTi-15V-3Cr-3Al-3Sn. 


Table  II  Summary  of  SCC  and  RLC  Properties 


Material 

SCC 

Resistance 

RLC 

Susceptibility 

Kiscc  .  Kirlc 

(MPaVm) 

RL 

Degradation 

BA  Ti-6A1-4V 

High 

High 

60 

28 

53% 

RA  Ti-6A1-4V 

Moderate 

Low 

43 

39 

9% 

BATi-8Al-lMo-IV 

Moderate 

Moderate 

43 

35 

19% 

DA  Ti-8AI-lMo-l  V 

Low 

None 

25 

25 

0% 

Ti- 1 5  V-3Cr-3  AI-3Sn 

High 

High 

60 

17 

72% 

significantly  influence  the  ripple  load  cracking  phenomenon  [3J.  Extremely  small  ripple  loads 
(less  than  2.5%  of  the  sustained  load)  were  found  to  have  no  damaging  effect  on  5Ni-Cr-Mo-V 
steel.  Temperature  and  load  frequency,  which  are  known  to  affect  corrosion  fatigue  crack 
growth  kinetics  in  titanium  alloys,  should  also  influence  rip, ole  load  cracking. 

Finally,  a  few  words  are  in  order  regarding  the  material  selection  process.  Even  though 
materials  with  superior  SCC  resistance  exhibit  more  ripple  load  degradation,  there  are 
indications  that  their  Kirlc  values  are  still  equivalent  to  or  better  than  those  for  less  SCC- 
resistant  materials.  Thus,  SCC-resistant  materials  may  still  be  the  materials  of  choice  even  in 
the  presence  of  ripple  loading.  However,  in  such  instances,  the  ripple  load  cracking  threshold, 
Kirlc,  should  be  used  to  maintain  conservativism  in  the  design  of  structural  components. 


Conclusions 


1 .  Ripple-loading  can  significantly  reduce  the  apparent  SCC  threshold  and  the  tiine-to-failure 
for  highly  SCC-resistant  alloys  such  as  beta  annealed  Ti-6A1-4V  and  beta  Ti-l5V-3Cr-3Al-3Sn 
while  having  no  damaging  effect  on  SCC-prone  alloys  such  as  duplex  annealed  Ti-KAl-lMo- 
IV. 

2.  A  new  parameter,  Kjrlc,  the  threshold  stress  intensity  factor  below  which  ripple  load 
cracking  will  not  occur,  is  identified  and  recommended  as  a  design  consideration  if  ripple  load 
conditions  are  suspected. 

3 .  The  "window"  for  ripple  load  cracking  susceptibility  is  bounded  at  the  top  by  Kiscc  and  at 
the  bottom  by  Kirlc-  Alloys  more  susceptible  to  ripple  load  cracking  will  exhibit  larger 
windows. 
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Abstract 


The  metastable  /J-Ti  alloy  Beta-2iS,  Ti-15Mo-2.7Nb-3Al-.2Si  (weight  percent),  has 
been  proposed  as  a  candidate  for  use  in  metal  matrix  composites  in  future  hyper¬ 
sonic  vehicles.  The  present  study  investigated  the  oxidation  behavior  of  Beta-2  IS 
over  the  temperature  range  600  to  800°C.  Oxidation  weight  gain  was  evaluated  using 
thermogravimetric  analysis.  Oxidized  specimens  were  evaluated  using  x-ray  diffrac¬ 
tion  techniques,  scanning  electron  microscopy,  energy  dispersive  x-ray  analysis,  and 
electron  microprobe  analysis  to  identify  oxidation  products  and  evaluate  oxidation 
damage  to  the  alloy. 

Introduction 

Current  designs  for  future  hypersonic  vehicles  call  for  the  use  of  titanium-matrix 
composites  for  many  components,  consituting  as  much  as  fifty  percent  of  the  structural 
weight.  This  will  require  a  titanium  alloy  which  has  good  oxidation  resistance,  is  easily 
producible  as  foil,  and  has  good  high  temperature  properties  in  the  temperature  range 
600  to  800'1C.  This  has  required  the  development  of  new  titanium  alloys  with  an 
acceptable  balance  of  these  properties.  One  alloy  developed  for  use  in  this  application 
is  the  metastable  /3-Ti  alloy  Beta-21S,  Ti-15Mo-2.7Nb-3Al-.2Si  (wt.  %). 

The  purpose  of  the  present  study  was  to  characterize  the  oxidation  behavior  of  Beta- 
215  in  the  temperature  range  600  to  800°C.  Oxidation  weight  gain  was  determined  by 
oxidizing  samples  in  air  using  thermogravimetric  analysis  (TGA).  Selected  samples 
were  analyzed  metallographically  to  characterize  the  oxide  composition  and  morphol¬ 
ogy  and  the  microstructural  changes  in  the  metal. 

Experimental  Procedures 

Specimens  and  Materials.  The  as-received  Beta-21S  material  was  produced  from  a 
triple  rn.  °'1  ingot  by  forging  to  a  12.7  cm  (5  inch)  slab,  hot  rolling  to  a  nominal 
thickness  of  U.406  cm  (0.160  inch),  and  cold  rolling  to  0.051  cm  (0.02  inch)  thickness 
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using  intermediate  vacuum  anneal  steps.  The  chemical  analysis  of  the  Beta-21S  ma¬ 
terials  in  weight  percent  was  15.8  Mo,  2.95  Al,  2.88  Nb,  0.23  Si,  0.026  C,  0.114  0, 
and  0.005  N  with  the  balance  being  Ti. 

Thermogravimetric  analysis  (TGA)  samples  were  machined  to  a  width  of  1  cm,  and 
a  length  of  1.5  cm  with  a  0.16  cm  diameter  hole  through  the  thickness  at  one  end  for 
suspending  the  sample  during  the  test.  Sample  surfaces  were  ground  to  a  uniform 
finish  using  silicon  carbide  paper  through  1200  grit.  Samples  were  first  detergent 
cleaned,  then  ultrascnically  cleaned  in  acetone  and  ethyl  alcohol,  and  finally  air  dried. 
The  dimensions  of  finished  samples  were  measured  to  the  nearest  0.0001  inch  and 
weights  were  recorded  before  and  after  exposure  to  the  nearest  0.01  mg. 

Oxidation  Tests.  Oxidation  tests  were  conducted  in  high  purity  air  (true  hydrocarbon 
content  less  than  0.1  ppm)  from  600  to  800°C  for  times  up  to  100  hr.  The  sample 
weight  change  was  recorded  continuously  during  exposure  using  a  Cahn  C2000  mi¬ 
crobalance  with  an  accuracy  of  1  fig.  Samples  were  suspended  by  quartz  fibers  in 
a  mullite  tube  inside  a  vertical  tubular  furnace,  and  the  temperature  was  monitored 
continuously  with  an  R-type  thermocouple  located  just  below  the  suspended  speci¬ 
men.  A  low  flow  of  air  (1  cc/ sec)  through  the  mullite  tube  was  maintained  during  the 
test.  Duplicate  or  triplicate  tests  were  performed  at  each  temperature. 

Characterization  Studies.  Specimens  were  examined  before  and  after  oxidation  using 
scanning  electron  microscopy  (SEM),  energy  dispersive  X-ray  spectroscopy  (EDS), 
and  X-ray  diffraction  (XRD)  to  characterize  the  microstructure  and  identify  oxide 
phases.  The  distribution  and  morphology  of  the  oxide  phases  were  determined  by 
examining  cross-sectioned  specimens  using  SEM,  EDS,  and  electron  microprobe  anal¬ 
ysis.  These  specimens  were  cross-sectioned  after  mounting  in  epoxy,  then  polished 
and  lightly  etched  using  Kroll’s  reagent  (2  %  HN03,  1  %  HF),  and  finally  coated  with 
a  thin  layer  of  gold  to  minimize  charging. 

Results 

Oxidation  Kinetics.  Table  1  summarizes  the  results  for  the  oxidation  exposures  of 
Beta-2lS  over  the  temperature  range  600  to  800°C.  The  total  weight  gains  were 
obtained  from  comparing  initial  and  final  specimen  weights.  Analysis  of  the  weight 
gain  data  obtained  from  the  TGA  showed  that  the  weight  gain  increased  parabolically 
with  respect  to  the  time  of  exposure,  as  would  be  expected  for  a  titanium  alloy  in  this 
temperature  range  (1).  This  means  that  the  weight  gain  can  be  expressed  as  id2  =  kpt 
where  w  is  the  weight  gain  per  unit  area,  kp  is  the  parabolic  rate  coefficient,  and  t  is 
the  time  of  exposure.  Calculated  values  of  kp  for  Beta-21  S  are  presented  in  table  1. 

Figure  1  is  an  Arrhenius  plot  of  the  parabolic  rate  coefficients  calculated  for  Beta- 
21S.  The  activation  energy  for  oxidation  was  calculated  to  be  41.2  kcal/mol  from 
the  parabolic  rate  coefficients.  Also  shown  for  reference  is  data  for  commercially  pure 
(c.p.)  titanium  (2),  and  the  TijAl-based  alloy  Ti-14Al-21Nb  (wt  %)  (3).  This  analysis 
shows  that  over  the  temperature  range  investigated,  Beta-21S  has  better  oxidation 
resistance  than  c.p.  titanium  but  oxidizes  more  rapidly  than  Ti-14Al-21Nb. 

Oxidation  Products.  The  results  from  XRD  analysis  of  as-received  and  oxidized  Beta- 
215  specimens  are  shown  in  table  2,  The  as-received  material  consisted  exclusively 
of  d-Ti,  while  some  a-Ti  was  identified  after  all  oxidation  exposures.  Ti02  (rutile) 
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Table  1.  Thermogravimetric  Analysis  Results  For  Beta-21S 


Exposure  Conditions 

Total  Weight 
Gain, 

Parabolic  Rate 
Coefficient 

Temp,°C  Time, hr 

mg/cm J 

mg* /cm* /hr 

600 

72.5 

0.204 

0.000575 

650 

70.8 

0.364 

0.00187 

700 

71.8 

0.762 

0.00801 

700 

111  5 

1.01 

0.00922 

750 

24.1 

0.809 

0.0271 

800 

29.8 

1.55 

0.0808 

800 

100.1 

2.92 

0.0852 

was  the  primary  oxide  identified  after  exposure  at  al!  temperatures  examined.  Trace 
amounts  of  AljOa  were  also  identified  after  exposure  at  temperatures  above  600°C. 

Figure  2  is  an  SEM  micrograph  of  the  cross-section  of  a  specimen  exposed  100  hr 
at  800°C.  The  surface  oxide  consists  of  two  regions;  a  discontinuous  top  layer,  and  a 
relatively  thick  compact  (void-free)  layer.  EDS  analysis  of  the  top  layer  showed  the 
presence  of  Ti,  Al,  and  0;  while  analysis  of  the  middle  layer  showed  the  presence  of 
Ti,  0,  and  a  small  amount  of  Nb.  Combined  with  the  XRD  analysis  results  (table  2), 
these  scans  suggest  that  the  surface  oxide  is  primarily  TiOj,  with  a  mixture  of  AI3O3 
and  TiOj  at  the  surface. 

Table  2.  Oxide  Composition  Of  Beta-21S  From  XRD 


Measured  Intensities1 


Exposure 

/?-Ti 

o-Ti 

TiOj 

Al]0 

as-received 

VS 

600°C,  72.5  hr 

VS 

VS 

w 

- 

700°C,  71.8  hr 

S 

s 

vs 

w 

800“C,  29.8  hr 

W 

w 

vs 

w 

800°C,  100.1  hr 

W 

w 

vs 

w 

1  VS=very  strong,  S=strong,  W=weak 


The  oxidation  of  titanium  alloys,  however,  is  known  to  proceed  by  the  dual  processes 
of  oxygen  dissolution  and  oxide  formation.  The  total  weight  gain,  therefore,  repre¬ 
sents  the  sum  of  the  oxygen  consumed  in  the  formation  of  the  surface  oxide  and  the 
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Figure  1  -  Arrhenius  Plot  of  Oxidation  Rates  for  Beta-21S 


Substrate 


Figure  2  -SEM  Micrograph  of  Beta-21S  Exposed  at  800°C  for  100  hr 


oxygen  that  diffuses  into  the  metal.  Metallurgical  analysis  of  the  oxidized  specimens 
is  necessary  to  allocate  the  total  weight  gain  between  these  two  processes. 

Measurement  of  oxide  thicknesses  can  be  used  to  estimate  the  amount  of  oxygen 
consumed  in  oxide  formation.  Since  the  oxide  on  Beta-21S  has  been  shown  to  be 
primarily  TiOj,  the  oxide  thickness  can  be  used  to  estimate  a  weight  gain  per  unit 
area  using  the  theoretical  density  of  oxygen  in  TiOj  (1.7  g/cm3).  Subtracting  this 
weight  from  the  total  measured  oxygen  weight  gain  also  allows  an  estimation  of  the 
amount  of  oxygen  that  has  diffused  into  the  substrate. 

The  results  of  this  analysis  for  several  oxidized  Beta-21S  specimens  are  presented 
in  table  3.  These  results  show  that  there  is  measureable  weight  gain  due  to  oxide 
formation.  Comparison  with  the  total  weight  gain  data,  however,  shows  that  oxide 
formation  only  accounts  for  70  percent  of  the  total  oxygen  reacting  with  the  metal. 
This  means  that  there  is  also  an  appreciable  amount  of  the  oxygen  diffusing  into  the 
metal. 

Table  3.  Results  of  Oxide  Thickness  Measurements  for  Beta-21S 


Exposure  Condition 

Oxide 

Weight  Gain, 

Thickness, 

mg/cm2 

Temperature,  °C  Time,  hr 

fim 

Oxide  Metal 

600 

72.5 

0.84 

700 

71.8 

3.2 

wSl 

800 

29.8 

5.8 

0.56 

VS=very  strong,  S=strong,  W=weak 


Metallurgical  examination  of  the  oxidized  Beta-21S  specimens  should  confirm  the  fact 
that  oxygen  diffusion  is  occuring  since  oxygen  is  a  known  o-Ti  stabilizer  and  should 
produce  some  microstructural  changes.  Figure  3  shows  the  resulting  microstructure 
after  various  oxidation  exposures.  Figure  3(a)  shows  the  microstructure  after  exposure 
at  800°C  for  30  hr,  (b)  800°C  for  100  hr,  (c)  700°C  for  70.8  hr,  and  (d)  600°C  for 
72.5  hr.  All  specimens  consist  of  a  mixture  of  o-Ti  and  /?-Ti,  with  an  increase  in  the 
tendency  to  form  Widmanstatten  o-Ti  as  the  temperature  is  decreased.  Separation 
of  the  effects  of  oxygen  and  thermal  exposure  in  this  temperature  range  is  difficult, 
however,  since  the  /?-Ti  transus  for  Beta-21S  is  roughly  815°C  (4). 

Close  examination  of  these  cross-sections,  however,  does  indicate  an  increased  con¬ 
centration  of  o-Ti  near  the  metal  surface,  particularly  after  exposures  at  700°C  and 
800°C.  Figure  4  plots  t^e  fraction  percent  o-Ti  (calculated  using  the  point  count 
method:  ASTM  E562)  as  a  function  of  distance  from  the  oxide-metal  interface  for 
specimen  exposed  30  hi  and  100  hr  at  800"C.  For  the  specimen  exposed  for  30  hr 
there  is  approximately  50  percent  o-Ti  at  the  specimen  surface  decreasing  to  a  con¬ 
stant  value  of  approximately  10  percent  100  pm  from  the  oxide-metal  interface.  After 


(C)  (d) 

Figure  3  -  SEM  Micrograph  of  Beta-21S  Exposed  at  (a)  800°C  for 
30  hr,  (b)  800°C  for  100  hr,  (c)  7006C  for  72  hr,  and 
(d)  600°C  for  72.5  hr. 
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DISTANCE  FROM  OXIDE-METAL  INTERFACE,  pm 


Figure  4  -  Fraction  Percent  a-Ti  as  a  Functions  of  Distance  from  the  Oxide- 
Metal  Interface  for  Beta-21S  Exposed  at  800°C. 

100  hr  exposure  at  800°C,  however,  the  percentage  of  a-Ti  is  higher  throughout  the 
entire  specimen,  decreasing  to  about  20  percent  a-Ti  at  the  center  of  the  specimen. 
Although  percent  a-Ti  is  not  a  direct  measurement  of  oxygen  content,  the  increased 
levels  of  a-Ti  near  the  surface  do  indicate  that  there  is  a  concentration  gradient  of 
oxygen  into  the  metal,  extending  across  the  entire  specimen  after  longer  term  expo¬ 
sures. 

Discussion 

The  oxidation  behavior  of  Beta-21S,  like  that  of  other  titanium  alloys,  is  difficult  to 
define  precisely  due  to  the  number  and  complexity  of  operative  oxidation  mechanisms. 
For  instance,  for  c.p.  titanium  it  has  been  shown  that  oxidation  proceeds  by  simul¬ 
taneous  growth  of  a  surface  oxide  of  TiC>2  and  oxygen  dissolution  into  the  metal.  At 
low  temperatures  (below  650°C)  the  oxidation  rate  is  controlled  by  the  growth  rate  of 
the  TiOj,  producing  an  activation  energy  between  25.4  kcal/mol  and  27.4  kcal/mol. 
At  higher  temperatures,  the  activation  energy  changes  to  that  required  for  diffusion 
of  oxygen  into  the  metal  (2,5). 

Analysis  of  the  oxidation  kinetics  and  metallurgical  characterization  for  Beta-21S, 
however,  does  allow  some  important  insights.  For  instance,  if  the  surface  oxide  layer 
of  TiOj  that  forms  on  Beta-21S  was  rate  controlling,  the  activation  energy  should  be 
similar  to  that  for  c.p.  titanium  and  other  titanium  alloys.  The  activation  energy  for 
the  oxidation  of  Beta-21S,  however,  was  calculated  from  the  parabolic  rate  coefficient 
to  be  41.2  kcal/mol.  This  indicates  that  oxide  formation  does  not  control  the  oxidation 
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kinetics,  and  suggests  that  oxygen  dissolution  into  the  metal  also  must  be  considered. 

The  fact  that  measureable  oxygen  dissolution  occurs  is  confirmed  by  metallurgical 
examination  of  the  oxidized  Beta-21S  specimens.  Figure  3  and  figure  4  indicates 
that  there  there  is  an  increase  in  the  percent  of  o-Ti  near  the  specimen  surface  after 
oxidation  exposure,  suggesting  the  presence  of  an  oxygen  concentration  gradient  in 
the  metal.  In  fact,  after  100  hr  exposure  at  800°C,  the  percent  alpha  is  increased 
even  at  the  center  of  the  specimen,  suggesting  that  oxygen  has  diffused  throughout 
the  entire  specimen  thickness. 

This  analysis  of  the  oxidation  behavior  of  Beta-21  S  has  shown  that,  although  oxida¬ 
tion  rates  for  that  alloy  are  lower  than  that  for  other  titanium  alloys,  there  are  still 
measureable  oxidation  weight  gains  in  the  investiaged  temperature  range.  While  some 
of  this  weight  gain  is  due  to  oxide  formation,  an  appreciable  amount  of  this  oxygen 
weight  gain  is  due  to  oxygen  diffusing  into  the  metal.  The  increase  in  amount  of  o-Ti 
as  a  result  of  this  oxygen  diffusion  could  have  significant  effects  on  the  mechanical 
properties  of  Beta-21S. 

Conclusions 

Analysis  of  the  oxidation  behavior  of  Beta-21S  over  the  temperature  range  600  to 
800°C  shows  that  it  does  have  better  oxidation  resistance  than  c.p.  titanium,  but 
poorer  resistance  that  titanium  aluminides.  While  Beta-21S  forms  a  compact  layer  of 
TiOj,  the  data  suggests  that  oxygen  dissolution  into  metal  is  appreciable.  Examina¬ 
tion  of  the  microstructures  after  exposure  showed  an  increase  in  the  amount,  of  o-Ti 
with  length  of  exposure,  which  should  be  linked  directly  with  the  diffusion  of  oxygen 
into  the  metal.  This  means  that  in  the  temperature  range  600  to  800° C,  exposure  to 
air  may  severely  degrade  the  mechanical  properties  of  Beta-21S. 
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Abstract 

Mechanical  properties  of  Beta-21S  (Ti-15Mo-3Al-2.7Nb-0.2Si,  wt%)  with  glass,  alu- 
minide,  and  glass-on-aluminide  coatings  less  than  3-pm  thick  were  studied.  Coatings 
were  deposited  by  sol-gel  processing  or  electron-beam  evaporation  onto  4.5-mil  (113-pm) 
thick  Beta-21S  sheet.  Tensile  test  specimens  were  machined  after  oxidizing  in  air  at  700 
or  800°C.  Plastic  elongation  was  the  most  severely  degraded  of  the  tensile  properties;  the 
glass-on-aluminide  coatings  were  the  most  effective  in  preventing  degradation.  Significant 
roles  were  played  by  oxygen  trapped  as  oxides  in  the  coating,  and  reactions  between  the 
coatings  and  the  Beta-21S  alloy. 

Introduction 

Surface  oxide  formation  and  oxygen  dissolution  (to  form  oxygen  interstitials  in  the  alloy) 
are  concurrent  oxidation  processes  in  titanium  alloys.  At  low  temperatures,  oxide  forma¬ 
tion  is  the  dominant  process  and  the  oxide  that  forms  is  protective,  corrosion  resistant, 
and  inert  to  many  forms  of  chemical  attack.  At  higher  temperatures  (>  400°C)  oxygen 
dissolution  increases  in  importance  because  it  comes  to  dominate  the  oxidation  kinetics 
(ref  1  &  2),  gives  rise  to  interstitial  hardening,  and  stabilizes  the  alpha  phase.  The  latter 
factors  have  a  considerable  influence  on  the  mechanical  properties  of  the  alloy  including 
tensile  strength,  ductility,  and  elastic  modulus.  Ductility  is  the  first  and  most  seriously 
affected  of  these  properties,  and  its  loss  is  a  sign  that  oxygen  interstitials  have  formed. 

The  role  of  nitrogen,  during  oxidizing  exposures  in  air,  is  currently  uncertain:  nitrogen 
is  known  to  behave  similarly  to  oxygen  and  with  similar  effects  on  the  ductility  of  the 
alloy,  but  whether  it  reacts  with  titanium  alloys  in  the  presence  of  oxygen  is  not  clear. 
In  any  case,  to  prevent  embrittlement  of  the  alloy,  interstitials  of  both  elements  must  be 
kept  from  forming,  and  this  can  be  accomplished  with  coatings  by  two  approaches:  1) 
by  blocking  transport  across  the  coating  or  2)  by  trapping  these  elements  as  oxides  or 
nitrides  within  the  coating. 

Beta-21S  (Ti-15Mo-3Al-2.7Nb-0.2Si,  wt%)  is  a  metastable  beta-titanium  alloy  and  is 
considered,  on  the  basis  of  fabricability,  strength,  density,  and  oxidation  resistance,  to  be 
a  promising  candidate  for  aerospace  applications.  The  oxidation  resistance  of  Beta-21S  is 
significantly  better  than  Ti-15V-3Cr-3Sn-3Al  and  a  little  better  than  commercial-purity 
(cp)  titanium  (ref  3).  Ttanium 
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Table  I.  Chemical  Analyses  of  the  Titanium  Beta  21-S  Material 


Sample  Fe 

Mo 

A1 

Nb 

Si 

C 

0 

N 

H 

Ingot,  Top*  0.088 

16.8 

3.18 

3.00 

0.16 

0.018 

0.127 

0.005 

- 

Ingot,  Bottom*  0.120 

15.8 

2.95 

2.88 

0.23 

0.026 

0.114 

0.005 

23  ppm 

As-Received  Sheet  0.130f  15.3f  2.90f  2.97f  0.16f  0.035}  0.1481  0.038}  103  ppm§ 

*  Ingot  chemistry  reported  by  TIMET  for  Heat  G-1664 
f  By  direct-current  plasma  (DCP) 

I  By  combustion  thermal-conductivity 
§  By  vacuum  hot  extraction 

Beta-21S  is  now  being  evaluated  for  use  in  hypersonic-vehicle  airframes  as  a  composite- 
matrix  material.  This  would  involve  frequent  short-duration  exposures  to  air  at  816°C 
(1500°F)  where  oxidation  occurs  rapidly  (ref  4).  The  need  for  coating  Beta-21S  when 
used  in  this  environment  is  evident,  and  it  is  of  interest  to  learn  which  coating  strategies 
will  be  most  successful.  Glass  coatings,  which  block  transport  across  the  coating,  are 
representative  of  one  strategy,  and  aluminide  coatings,  which  trap  oxygen  by  forming 
aluminum  oxide,  represent  a  second  strategy.  In  this  paper,  the  effect  of  glass  and  alu¬ 
minide  coatings,  singly  and  in  combination,  on  the  oxidation  and  mechanical  properties 
of  Beta-21S  is  reported. 


Procedure 

Mill-annealed,  4.5-mil  Beta-21S  sheet  (see  chemical  analyses  in  Table  I)  was  cut  into 
1.5x5-in.  panels  with  the  longer  dimension  parallel  to  the  rolling  direction  of  the  sheet. 
The  panels  were  cleaned  with  a  detergent,  rinsed  with  acetone  followed  by  methanol, 
blotted  dry,  and  baked  for  30  min  at  90°  C. 

The  aluminide  coatings  were  formed  by  depositing  1  ftm  of  aluminum  by  electron-beam 
evaporation,  and  converting  it  to  TiAl3  by  annealing  for  8  h  at  621°C  in  a  vacuum  furnace. 
This  heat  treatment  produced  in  the  alloy  a  basket-weave  alpha-plus-beta  microstructure. 

The  glass  coatings  were  silicophosphates  applied  by  a  sol-gel  process  (ref  5)  and  cured  for 
a  total  time  of  40  min  at  650°C.  The  process  produced  in  the  alloy  a  very  fine,  strongly 
oriented  alpha-plus-beta  microstructure. 

The  glass-on-aJuminide  coatings  were  formed  by  applying  glass  coatings  to  completed 
aluminide  coatings.  The  resulting  microstructure  of  the  alloy  was  identical  to  that  of  the 
aluminide  coated  material. 

Continuous  thermal  exposures  were  conducted  in  air  at  atmospheric  pressure  by  intro¬ 
ducing  the  specimens  into  furnaces  preheated  to  the  test  temperature,  and  by  air  cooling 
at  the  end  of  the  test  exposure  to  minimize  the  time  at  temperatures  where  the  omega 
phase  might  form. 

After  exposure,  three  tensile-test  specimens  were  cut  from  each  panel  and  machined  to 
the  specifications  of  ASTM  Standard  E8  (ref  6):  the  width  of  the  reduced  section  was 
0,250  in.  and  the  length  was  1.25  in. 

The  specimens  were  loaded  at  room  temperature  in  tension  until  failure  occurred.  Back- 
to-back  extensometers  with  a  1.000  in.  gage  length  were  used  to  measure  strain.  For 

2,114 


12 


Temperature,  °C 


Figure  1.  -  Room-temperature  mechanical  property  data  for  uncoated  Beta-21S 
after  12  h  exposure  to  air  at  the  indicated  temperature.  The  vacuum 
data  (ref  3)  shows  the  effect  of  thermal  exposure,  and  the  difference 
between  air  and  vacuum  shows  the  effect  of  oxidation. 

determining  yield,  an  0.005  in. /min  cross-head-deflection  rate  was  used  until  5%  total 
strain  when  the  cross-head-deflection  rate  was  increased  to  0.05  in./min  for  the  remainder 
of  the  test.  Yield  strengths  were  determined  by  the  0.2%  offset  method  and  elastic 
moduli  by  linear  regression  over  the  portion  of  the  stress-strain  curve  between  0  and 
0.5%  total  strain.  Metallurgical  specimens  were  prepared  by  sectioning  the  exposed 
foils  and  mounting  them  in  a  thermosetting  medium.  The  metallurgical  specimens  were 
attack-polished  using  Kroll’s  reagent  and  a  coloidal-silica  slurry. 

Results  and  Discussion 


Reduced  oxygen-weight  gains  and  retained  mechanical  properties  are  benefits  that  a 
coating  system  is  expected  to  provide.  In  a  general  sense,  these  two  are  related,  but 
the  degree  of  correlation  depends  on  the  coating  type  and  the  alloy’s  thermal  stability. 
If  the  coating  actively  forms  oxides,  large  weight  gains  may  not  imply  degradation  of 
properties.  If  the  alloy’s  thermal  stability  is  poor,  changes  unrelated  to  oxidation  may 
be  observed  in  the  mechanical  properties. 


Oxidation  Effects  on  Uncoated  Beta-21S 


Uncoated  Beta-21S  was  tested  to  establish  a  baseline  for  evaluating  the  coatings  and 
for  distinguishing  between  oxidation  and  thermal  exposure  effects.  In  figure  1  are  the 
room  temperature  ultimate  tensile  strengths  (UTS),  yield  strengths  (YS),  and  plastic 
elongations  for  4.5-mil  sheet,  initially  in  the  beta-annealed  condition,  after  12  h  in  air 
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Figure  2.  -  Room  temperature  ultimate  tensile  strengths  for  coated  4.5-mil 
Beta-21S  sheet  after  air  exposures. 

(this  study)  or  10  h  in  vacuum  (ref  3). 

At  500°C,  the  agreement  between  the  vacuum  and  air  data  shewed  that  oxidation  in 
this  exposure  was  not  significant.  At  600°C,  the  UTS  and  YS  were  almost  equal  for  the 
vacuum  and  air  exposures,  but  the  difference  in  plastic  elongation  indicates  a  significant 
loss  of  ductility  caused  by  oxidation.  There  was  a  complete  loss  of  ductility  and  a  con¬ 
siderable  reduction  in  UTS  and  YS  at  700°C  due  to  oxidation.  At  800° C,  the  material 
exposed  in  air  was  very  fragile:  all  specimens  broke  while  being  prepared  for  testing. 

Effect  of  Coatings  on  Ultimate  Tensile  Strength 

Except  for  cases  of  complete  coating  failure,  the  UTS  of  coated  Beta-21S  was  relatively 
insensitive  to  oxidizing  exposure  (see  figure  2).  A  small  decrease  in  UTS,  seen  in  all 
coated  material  during  the  first  few  hours  of  exposure,  was  an  aging  response  associated 
with  changes  observed  in  the  microstructure. 

The  UTS  of  the  glass-coated  material  was  consistently  higher  than  the  UTS  of  aluminide- 
coated  or  glass-on-aluminide-coated  material.  This  was  attributed  to  the  very  fine,  highly 
oriented  alpha-plus-beta  microetructure  of  the  glass-coated  material. 

The  only  serious  loss  of  strength  was  in  the  aluminide-coated  material  at  800°C  after  24 
and  48  h  where  the  material  proved  to  be  very  fragile:  all  of  the  specimens  broke  while 
being  prepared  for  testing. 
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Figure  4.  -  Room-temperature  ductility  after  700°C  ar  exposures  of 
coated  Beta-21S. 
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The  oxygen-weight  gains  at  this  temperature  for  all  coated  materials  were  small  (see  fig¬ 
ure  3).  All  of  the  coated  material  showed  significantly  less  weight  gain  than  the  uncoated 
material:  after  12  h  there  was  at  least  an  order  of  magnitude  difference.  The  low  weight 
gains  imply  that  all  of  the  coatings  were  effective  in  limiting  the  entry  of  oxygen  (and 
nitrogen)  from  the  atmosphere. 

While  the  precise  dependence  of  plastic  elongation  on  oxygen  weight  gain  had  not  been 
established  for  4.5-mil  Beta-21S  sheet,  prior  experience  indicated  that  weight  gains  of 
less  than  70  /ig/cm2  should  only  have  a  minor  effect.  Consequently,  it  was  expected 
that  the  ductility  of  all  the  coated  material  at  700°C  would  not  be  excessively  degraded. 
In  fac‘  the  plastic  elongation  of  material  with  aluminide  or  glass-on-aluminide  coatings 
were  consistently  high,  but  the  plastic  elongation  of  material  with  glass  coatings  steadily 
declined  (see  figure  4).  This  decline  was  attributed  to  oxygen  interstitials  generated  by 
reactions  between  the  oxygen-rich  glass  and  the  titanium  alloy. 


The  oxygen-weight  gains  for  the  glass  and  glass-on-aluminide  coatings  exposed  at  800°C 
were  small,  but  the  weight  gain  for  the  aluminide  coating,  after  an  initial  lag,  closely 
paralleled  the  weight  gain  of  the  uncoated  material  (see  figure  5).  This  suggested  that 
the  glass  and  glass-on-aluminide  coatings  were  effective  at  this  temperature,  but  that 
the  aluminide  coating  was  not  protective.  The  glass-on-aluminide  coating  did  very  well: 
even  after  48  h  the  oxygen- weight  gain  was  less  than  35  /ig/cm2.  If  it  is  assumed  that 
this  represents  oxygen  permeation  through  the  1.5-/im-thick  glass  layer,  the  oxygen- 
weight  gain  corresponds  to  an  oxygen  diffusivity  of  roughly  2.4  x  10-u  cm2/sec,  which 
is  within  an  order  of  magnitude  of  the  oxygen  self-diffusion  coefficient  for  fused  quartz 
(3.5  x  10~IS  cm2 /sec,  ref  7). 

The  plastic  elongations  (see  figure  6 )  confirmed,  for  the  most  part,  the  pattern  of  oxidation 
damage  observed  in  the  oxygen-weight  gains.  However,  the  ductility  of  the  aluminide 
coated  material  after  12  h  is  surprisingly  high  in  light  of  its  very  large  weight  gain.  This 
leads  to  the  conclusion  that  most  of  the  weight  gain  went  into  oxide  formation,  and  that 
the  portion  that  went  into  interstitial  formation  was  actually  quite  low. 

The  ductility  of  the  glass  coated  material  was  lower  it  should  have  been  according  to 
oxygen-weight  gains.  This  suggested  that  more  interstitials  were  formed  than  weight 
gain  could  account  for.  It  was  surmised  that  where  the  glass  and  alloy  were  in  direct 
contact,  that  the  glass  underwent  a  reduction  reaction  due  to  the  high  affinity  of  the  alloy 
for  oxygen.  The  oxygen  from  the  glass  then  entered  the  alloy  as  interstitials  contributing 
to  the  degradation  of  mechanical  properties.  The  plastic  elongations  of  the  glass-on- 
aluminide  coated  material  were  much  better  than  that  of  the  other  coated  materials, 
and  comparable  to  those  of  Beta-21S  vacuum  annealed  at  this  temperature  (ca  16%, 
ref  3).  This  was  attributed  to  the  more  complete  exclusion  of  interstitials  by  the  glass- 
on-aluminide  coating. 

The  amount  of  interstitials  can  be  inferred,  under  special  conditions,  from  the  volume 
fraction  of  alpha  in  the  microstructure.  At  800°C,  which  is  just  below  the  beta  transus 
of  this  alloy,  there  would  only  be  a  small  amount  of  alpha  in  the  microstructure  if  no 
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5.  -  Oxygen  weight  gained  during  800°C  air  exposures  of  coated  Beta- 
218. 


Figure  6.  -  Room-temperature  ductility  after  800°C  air  exposures  of 
coated  Beta-21S. 
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interstitials  were  present.  The  volume  fraction  of  alpha  for  the  glass-coated  material  after 
12  h  at  800°C  was  21  vol%;  for  the  aluminide-coated  material  it  was  10  vol%;  and  for  the 
glass-on-aluminide-coated  material  it  was  7  vol%  (ref  8).  The  glass-on-aluminide-coated 
material  has  the  lowest  volume  fraction  of  alpha  find  the  best  residual  ductility  which, 
taken  together,  indicate  that  this  material  has  the  fewest  interstitials. 


The  results  reported  in  this  paper  demonstrate  the  potential  for  practical  coating  systems 
for  the  Beta-21S  titanium  alloy  that  are  very  thin  (<  3-pm  thick),  exclude  oxygen  from  the 
alloy,  and  prevent  unacceptable  degradation  of  the  mechanical  properties.  It  is  possible 
that  such  coatings  may  find  application  in  titanium  alloy  aerospace  structures  which  are 
subject  to  high  temperatures  in  service. 

It  was  shown  that  uncoated  Beta-21S,  4.5-mil  sheet  was  embrittled  at  700  and  800°C 
after  only  12  h  of  exposure,  but  embrittlement  was  prevented  by  glass,  aluminide.  and 
glass-on-aluminide  coatings  less  than  3-pm  thick.  The  glass-on-aluminide  coating  was 
the  most  successful  with  greater  than  15%  plastic  elongation  retained  after  24  h  at  800°C 
in  air. 
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THE  DITBCTION  OF  CREVICE  CORROSION  IN  TITANIUM  AND 


ITS  ALLOYS  THROUGH  THI  USI  OF  POTENTIAL  MONITORING 
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Abstract 

Conventional  laboratory  cravica  corrosion  tasting  require*  approximately 
thirty  days  and  is  a  simple  go/no  go  test  which  doss  not  indicate  crevice 
corrosion  incubation  tints  and  propagation.  This  study  focuses  on  tha 
effectivsnsss  of  electrochemical  potential  monitoring  to  detect  the  onset 
and  propagation  of  cravica  corrosion  for  several  titanium  alloys  in 
chloride  environments.  Utilizing  this  technique,  crevice  corrosion 
initiation  is  detected  immediately,  thus,  in  most  cases  allowing  a  shorter 
test  period.  This  technique  may  well  be  suited  for  field  as  wall  as 
laboratory  applications.  Crevice  corrosion  incubation  periods  and 
corresponding  electrochemical  potential  behavior  are  Investigated  along 
with  the  effect  of  crevice  to  uncraviced  surface  area  ratio.  Under  freely 
corroding  conditions,  which  better  simulate  in-service  conditions,  the 
relationship  between  the  corrosion  potential  ( Bcorr )  and  crevice  corrosion 
initiation  and  propagation  was  readily  determined.  Corresponding  crevice 
corrosion  initiation  and  eteady-state  propagation  surface  morphology  were 
also  examined. 


IntrodMsUon 

The  titanium  industry  has  traditionally  relied  on  a  thirty  day  go/no  go 
freely  corroding  crevice  test  assembly  in  chloride  enviroments  at  90*C  and 
above.1  The  primary  goal  was  to  provide  information  on  maximum  safe  oper¬ 
ating  temperature  at  a  given  chloride  level  and  pH.  There  have  been 
several  studies  of  potential-time  behavior  of  freely  corroding  crevice  and 
free  surface  (uncreviced)  specimens  of  unalloyed  titanium,  however,  to  date 
alloyed  titanium  behavior  has  not  been  studied.  H.  Kobayshi,  et  al.1, 
observed  a  steady-state  potential  of  -465  mV  SHE  after  40  days  in  a  boil¬ 
ing,  6  wt.l  NaCl  bulk  solution  with  a  crevice  specimen  containing  an  NaCl 
crystal  sealant  and  a  crevice/uncreviced  ratio  of  1:1.  The  initiation/ 
propagation  potential  criteria,  however,  was  not  explored.  P.  Nckay, 
et  al3,  reported  approximately  -300  mV  SHE  as  a  steady-state  potential  at 
150*C,  1.6  wt.%  NaCl  solution,  and  a  crevice/uncreviced  ratio  of  1:4. 
Incubation  periods  to  a  steady-state  potential  were  reported  in  generally 
10  to  15  hours  at  150*C,  and  20  to  30  hours  at  95°C. 
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A  study  of  current-time  behavior  of  a  fraaly  corroding  cravica  and  frae 
surface  specimens  was  initially  rsportsd  by  T.  S.  Lea4  for  stainlaaa  atasl. 
A  cravica  corrosion  call  based  on  the  concept  of  a  galvanic  couple  con¬ 
sisting  of  a  cravica  anode  and  a  boldly  exposed  comparably  large  cathode 
(typically  anoda/cathode  ratio  1:90)  with  provisions  for  measurement  of  a 
currant  between  the  two  was  used.  Lee  observed  that  an  increase  in  current 
did  not  correspond  to  cravica  initiation  as  determined  visually,  utili¬ 
sation  of  this  technique  in  the  present  study  has  shown  that  a  current 
increase  was  consistent  with  crevice  surface  oxidation,  on  ASTM  grade  2 
titanium,  after  a  two  day  immersion.  However,  several  studies  of  similar 
galvanic  coupling  of  grade  2  in  chloride  solutiona,  including  the  one  by  P. 
Mckay,  et  al.3,  reported  that  after  the  galvanic  current  reached  a  maximum 
(25-75  hours)  it  continuously  decreased  with  time,  eventually  reaching  a 
low  constant  value,  although  cravica  propagation  continued.  This  current 
decrease  could  be  attributed  to  an  increasing  potential  balance  between 
such  galvanically  coupled  specimens. 

It  is  important  to  eatabliah  a  practical  method  to  detect  the  onset  of 
crevice  corrosion  and  propagation  so  that  meaningful  predictions  of  crevice 
corrosion  behavior  of  alloyed  and  unalloyed  titanium  may  be  made.  This 
investigation  has  shown  that  laboratory  potential  monitoring  is  a  rela¬ 
tively  simple  method  for  quantifying  the  initiation  and  propagation  atages 
of  crevice  corrosion. 


Experimental 

Hatsrlals/Apparatus.  The  compositions  of  all  the  alloys  used  in  this  study 
are  listed  in  Table  1.  Titanium  specimens  were  from  mill  and  laboratory 
produced  sheet,  with  standard  annealing  treatments  ranging  from  788°C  for 
the  alpha  and  near  alpha  alloys,  to  843*C  anneal  for  the  beta  alloys. 
Specimen  sheet  gage  varied  from  .76  to  1.52mm.  Titanium  specimens  were 
tested  in  the  as-pickled  surface  condition.  Specimen  preparation  and  test 
technique  are  described  elsewhere.1  All  test  solutions  were  prepared  with 
distilled/deionised  water  and  reagent  grade  chemicals. 

A  high  temperature  Ag/AgCl  reference  electrode  was  used  for  all  potential 
measurements.  Corrosion  potential  measurements  were  made  using  a  Triplett 
Corporation  3360  electrometer. 

Table  I.  -  Nominal  Composition  of  Titanium  Test  Alloys 


Composition  (Wt.  ») 


Alloy 

0 

H 

Fe 

A1 

MO 

V 

Cr 

Other 

ASTH  Grade  1  Ti 

0.06 

.005 

0.02 

_ 

- 

- 

- 

. 

ASTM  Grade  2  Ti 

0.10 

.005 

0.15 

- 

- 

- 

- 

- 

TIMETAL. 38644 

0.09 

- 

<0.03 

3.0 

4.0 

8.0 

6.0 

4 .  OZr 

TIMETAL.21S 

0.13 

- 

0.15 

3.0 

15.0 

- 

- 

2 . 7Nb, 0. 2Si 

Procedure.  The 

standard 

test 

condition 

consisted  of 

testing  a 

crevice 

assembly  with  a 

4:1  crevice/uncreviced  surface 

area 

ratio 

in  a 

5  wt . %  NaCl 

solution  at  pH  2,  93*C,  and  natural  aeration. 

A  crevice  was  formed  by  compressing  the  test  specimen  between  two  Teflon 
sheets  (torqued  to  1.8  N.m)  utilizing  two  plates  of  grade  7  titanium  and 
grade  2  titanium  bolts  wrapped  with  Teflon  tape  to  ensure  electrical 
insulation.  The  crevice  specimens  were  assembled  under  the  bulk  chloride 
solution  (without  oxidizers)  to  avoid  conditions  of  inconsistent  wetting  of 
the  creviced  surfaces.  The  standard  creviced  area  was  6.45  cm3  and  the 


2,194 


external  uncravicad  araa  waa  1.61  cm?,  thus,  achieving  a  4:1  cravica/ 
uncravicad  surf aca  araa  ratio.  Tha  1:3  and  1:90  cravica/uncravicad  surfaca 
araa  ratioa  utilizad  a  cravicad  araa  of  1.94  cm?  and  tha  axtarnal 
uncravicad  araa  waa  6.45  cm?  and  174.19  cm?.  A  Taflon  inaulatad  grada  2 
titanium  wira  waa  resistance  waldad  to  tha  uncravicad  araa  for  monitoring 
purposes.  Post  tast  avaluationa  of  cravica  spacimans  raquirad  a  light  (5-8 
sac)  sandblasting  par  ASTM  0  46,  to  ramova  tha  tenacioun  corrosion  product 
scala  and  facilitata  examination  of  tha  cravica  surface. 

Results 

Potential  Monitoring  Reproducibility.  To  determine  potential  indication 
reproducibility,  tan  (each)  titanium  grada  1  and  2  creviced  specimens  were 
tasted  under  standard  conditions,  as  defined  in  tha  experimental  section. 
Crevice  specimen  potentials  wars  recorded  at  3  to  24  hour  intervals  and 
tartain  corresponding  creviced  surfaces  examined  in  10  to  100  mV 
variations.  In  addition,  specimens  at  matching  potentials  ware  compared. 
Cravica  initiation  was  defined  to  begin  when  cravica  pita  ware  first 
detectable  at  8X  magnification.  Cravica  propagation  waa  defined  to  begin 
when  a  steady-atate  potential  was  first  reached  after  initiation  had 
occurred.  When  a  potential  lower  than  -360  mV  (Ag/AgCl)  was  recorded 
crevice  corrosion  initiation  had  occurred  on  all  specimens  observed.  When 
a  potential  higher  than  -290  mV  waa  recorded  cravica  initiation  has  not 
occurred  on  any  of  the  spacimans  observed.  At  potentials  ranging  from  -290 
to  -360  mV  crevice  initiation  was  observed  on  soma  of  tha  specimens, 
whereas  others  only  exhibited  a  thicker  oxida  film,  typical  by  its  variety 
of  colors  (blue,  violet,  ate.).  Spacimans  examined  at  potentials  varying 
by  5-10  mV  exhibited  comparable  surface  morphology.  After  crevice 
initiated  a  ataady-stata  potential  of  -440  mV  with  approximately  40  mV 
daily  fluctuation  waa  raachad  on  all  specimens,  and  corresponding  severe 
cravica  corrosion  waa  noted. 

VMiUmd  nttniuro 

The  corrosion  potential/time  behavior  as  presented  in  Figures  1,  2  and 
Table  II  illustrates  the  aensitivity  of  tha  potential  monitoring  technique, 
in  distinguishing  tha  alight  diffarancas  in  cravica  corrosion  rasistanca 
between  grade  2  and  grade  1  under  all  tasted  conditions.  Tha  small 
diffarancas  in  crevice  corrosion  severity  between  tha  grades  was  in 
agreement  with  minimum  incubation  periods  for  crevice  initiation. 

Initiation  and  propagation  potentials  ware  clearly  defined  by  a  signifi¬ 
cant  drop  in  potential. 

Addition  of  oxidizars,  and  a  larger  cravica  to  uncravicad  ratio  accelerated 
incubation  periods  for  initiation  and  propagation,  which  was  consistent 
with  crevice  corrosion  severity.  Changes  in  incubation  periods  for 
initiation  and  propagation  were  also  adequately  reflected  by  changes  in  pH. 
Initiation  and  propagation  potentials  remained  generally  constant  with 
changes  in  pH  and  cravica  to  uncravicad  ratio.  However,  a  significant 
increase  in  potentials  waa  observed  with  the  addition  of  ferric  chloride. 

Alloyed  Titanium 

Results  aa  presented  in  Figure  3  and  Table  II  clearly  indicate  tha  superior 
cravica  corrosion  resistance  of  TIMXTAL»21S.  Limitation  of  cravica 
corrosion  could  not  be  detected  in  TIKZTAL»21S,  despite  lowering  the 


Figure  1  -  Average  crevice  va.  free  aurface  potential  for 
titanium  gradea  1  and  2  at  pH  2. 


Figure  2  -  Average  crevice  va.  free  aurface  potential  for 
titanium  gradea  1  and  2  in  an  oxidising  media. 
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solution  pH  to  0.2.  Xnstssd,  passivation  of  tha  crsvicsd  specimen  oecurrad 
undar  all  tasting  conditions.  TXKXTAL. 16644,  however,  which  cravica 
corrodad  in  thasa  low  pH  solutions  was  rsadily  datactad  using  potantial 
monitoring.  Unuaual  repassivation  cycling  was  datactad  aftar  cravica 
corrosion  initiation.  Tha  cycling  aaplituda  appaarad  to  diminiah  with 
cravica  corrosion  propagation. 


•  *  to  is  II  it  JO 
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Figura  3  -  Avaraga  cravica  va.  fraa  surfaca  potantial  for 
titanium  gradas  1  and  2  at  pH  O.S. 


Tabla  II.  -  Raaults  Summary 

Initiation  Propagation 

Variations  of  Cravica/Uncravicad  Potantial  Tias  Potantial  Tina 


Alloy 

atindird  Jolutlon1 

Satio 

Ti  Orada  1 

Nona 

«/l 

Air  Sparging 

4/1 

Fa*3  (1000  pps)2 

4/1 

P«  5 

4/1 

Nona 

1/3 

Nona 

1/90 

Ti  Orada  2 

Nona 

4/1 

Air  Sparging 

4/1 

Fa*3  (1000  pps)2 

4/1 

pH  5 

4/1 

TXMKTAL* 

tS»C,  pH  1 

4/1 

30644 

95#C,  pH  0.5 

4/1 

TXKSTAL«21S 

95*C,  pH  1 

4/1 

95*C»  pH  0.5 

4/1 

98*C,  pH  0.2 

4/1 

(■V) 

(Days> 

laVl 

iDava 1 

•220 

3 

-440  to 

-405 

10 

-320 

2 

-440  to 

-405 

6 

♦515 

2 

♦330  to 

♦300 

6 

-320 

6 

-440  to 

-460 

17 

-330 

1 

-430  to 

-400 

4 

-300 

1 

-270  to 

-460 

5 

-345 

4 

-440  to 

-400 

10 

-345 

3 

-440  to 

-405 

6 

♦505 

3 

♦330  to 

♦300 

6 

-345 

7 

-420  to 

-450 

17 

-304 

15 

Nspaaaivation 
Cyclas 
-304  to  *60 

1* 

-370 

5 

Papas si vat ion 
Cyclas 
-370  to  +73 

5* 

Did  Not  Cravica 
Did  Not  Cravica 
Did  Not  cravica 


•Batwsan  eye las  aftar  initiation. 

Iftandard  Solution!  St  HaCi,  93’C,  pH  2,  Natural  duration. 
?Cravicaa  wars  assaatblad  in  standard  solution  (without  Fa*  ). 


Discussion 


Unalloyed  Titanium 

Corrosion  Behavior;  Critical  potential*  recorded  for  crevice  initiation 
end  propagation  remained  generally  constant  with  lolution  parameter 
variation*  and  crevice/uncreviced  surface  area  ratio.  The  only  exception 
waa  the  addition  of  a  high  potency  oxidizer  -  ferric  chloride,  which 
increased  the  corrosion  potential  (Ecorr)  significantly.  In  turn,  crevice 
initiation  and  propagation  potentials,  which  consist  of  a  mixed  crevice  and 
uncrevicad  (Ecorr)  potential,  increased  considerably.  In  addition,  the 
higher  ls90,  crevice/uncreviced  aurface  ratio  had  a  minor  effect  on 
increasing  crevico  initiation  potential  (and  near  initiation  potential)  due 
to  the  larger  uncreviced  area  initially  raising  the  overall  potential 
(mixed  crevice  and  uncreviced  potential).  However,  upcn  propagation,  the 
more  severe  crevice  corrosion  due  to  the  ratio  effect,  decreased  the 
propagation  potential  to  -500  mV.  In  contrast,  minimum  incubation  periods 
to  initiation  and  steady-state  propagation  varied  considerably  with 
solution  parameters,  and  the  overall  cravica  corrosion  severity  varied 
accordingly. 

Grade  Composition  Effect!  Grade  1  and  2  consistently  varied  by 
approximately  one  day  in  minimum  incubation  periods  to  initiation.  The 
difference  in  crevice  corrosion  severity  after  a  30  day  test  was  not  always 
detectable,  thus  it  is  not  surprising  that  thesa  grade*  are  considered  to 
have  similar  crevice  corrosion  resistance.  It  is  apparent,  therefore,  that 
potential  monitoring  provides  for  a  more  subtle  difference  in  crevice 
corrosion  resistance. 

The  somewhat  better  crevice  corrosion  resistance  of  grade  2  is  believed  to 
be  due  to  its  higher  iron  content,  .10-. 15  wt.%,  in  comparison  to  0.02-0.04 
wt.t  for  grade  1.  It  is  possible  that  minute  amounts  of  ferric  ions  are 
present  in  the  crevice  liquid  boundary  layer,  during  the  early  stages  of 
corrosion,  thus  enhancing  passivation.  Concentrations  of  100  ppm  ferric 
ions  (Fe+5)  are  known  to  significantly  reduce  the  general  corrosion  rate  of 
unalloyed  titanium  in  HC1  solutions.  Such  high  concentrations  of  ferric 
ions  are  probably  not  attained  in  the  crevice,  but  significant 
concentrations  are  possible  considering  the  limited  crevice  volume. 

Oxidizers  and  Crevlce/Uncrevlced  Ratio  Effect*!  Data  on  the  effect  of 
oxygen  concentration  on  the  crevice  corrosion  of  unalloyed  titanium  are 
inconsistent,  with  some  studies  reporting  an  increase  in  susceptibility 
with  increasing  concentration5'6  and  other  reporting  the  opposite7.  This 
investigation  clearly  defined  the  increase  in  susceptibility  with 
increasing  oxygen  concentration,  by  showing  a  repeated  acceleration  of 
initiation  and  propagation  incubation  periods.  Overall,  the  effect  of 
1000  ppm  Pe+3  in  the  bulk  solution  was  similar  to  that  of  higher  oxygen 
concentration  in  accelerating  crevice  corrosion.  These  cationic  oxidizers 
act  as  cathodic  depolarizers,  and  thus  accelerate  cathodic  reduction 
kinetics,  which  in  turn  increases  the  snodic  crevice  reaction.  These 
oxidizers  will  not  diffuse  into  the  positively  charged  active  crevice  to 
effect  passivation  due  to  similar  charge  repulsion.  On  the  other  hand, 
certain  anionic  oxidizing  species,  such  as  C103~  and  others  can  migrate 
into  the  anodic  crevice  due  to  dissimilar  charge  attraction  and  inhibit 
crevice  attack. 


A  crevice  (anode)  to  uncravicad  (cathoda)  surface  area  ratio  larger  than  or 
equal  to  1:3  had  a  more  pronounced  effect  on  accelerating  crevice  corroaion 
than  was  observed  by  the  addition  o!  oxidizers  to  a  4:1  ratio.  The  value  of 
the  galvanic  current  flowing  front  the  anodic  crevice  ia  determined  by  the 
balance  between  the  anodic  reaction  in  the  crevice  and  cathodic 
depolarization  of  the  external  uncreviced  titanium  aurface.  The  couple 
potential  at  any  time  is  limited  by  the  degree  of  the  cathodic 
depolarization  kinetics  aa  mentioned  before,  which  would  depend  on 
oxygen/oxidizer  concentration,  uncreviced  aurface  area,  and  solution 
conductivity  at  the  temperature  of  interest.  Thus,  the  mechanism  of 
accelerated  crevice  corrosion  is  similar  for  both  a  larger  uncreviced  to 
crevice  surface  area  and  the  addition  of  oxygen/oxidizera  in  their  effect 
on  the  controlling  cathodic  depolarization  kinetics  of  the  external 
uncreviced  titanium  surface.  It  is  important  to  note  that  at  any  ratio  of 
crevice/uncreviced  greater  than  or  equal  to  1:3,  the  crevice  corrosion 
accelerating  effect  was  similar  in  a  5  wt.%  NaCl,  pH  2,  93*C  solution. 

Thus,  at  this  ratio  and  solution,  the  maximum  degree  of  anodic  polariza¬ 
tion  was  produced. 

Alloyed  Titanium 

Corrosion  Behavior:  Alloyed  titanium  has  shown  remarkable  repassivation 
cycling,  which  has  not  been  reported  in  the  literature  previously,  after 
crevice  initiated,  with  some  decrease  in  cycling  amplitude  as  propagation 
approached  steady  state.  Repassivation  cycling  could  be  attributed  to 
certain  alloying  elements  such  as  molybdenum,  chromium  and  vanadium. 

These  elements  detected  in  the  crevice  corroaion  products  are  believed  to 
be  present  in  the  crevice  liquid  boundary  layer  as  oxidizing  species, 
enhancing  passivation.  Concentrationa  of  100  ppm  Ko+6,  Cr+6,  and  V+s  ions 
have  shown  to  significantly  reduce  the  general  corrosion  rate  of  unalloyed 
titanium  in  HC1  solutions.  Since  these  elements  inhibiting  effect  is 
temporary,  it  is  believed  that  their  oxidation  states  are  lower  than 
otherwise  will  be  in  the  bulk  solution.  More  research,  beyond  the  scope 
of  this  study,  is  necessary  to  conclusively  establish  their  role. 

Summary 


The  results  illustrated  that  measuring  corrosion  potential/time  profiles 
provided  a  relatively  simple  means  of  detecting  the  onset  and  propagation 
of  crevice  corrosion  on  titanium.  Testa  concluded  upon  crevice  initiation 
provided  satisfactory  crevice  corrosion  resistance  data  by  allowing 
comparison  of  Incubation  periods  to  initiation,  thus  a  shorter  test  peric  1 
was  required.  The  reproducibility  of  potential  measured  and  the  extent  of 
crevice  corrosion  observed  suggests  that  this  technique  provides  a  real¬ 
time  signal  for  monitoring  crevice  corrosion. 

Critical  crevice  potentials  recorded  for  unalloyed  titanium  creviced 
specimens  remained  generally  conatant  regardless  of  solution  pH,  and 
crevice/uncreviced  surface  area  ratio  variations.  However,  the  addition 
of  potent  oxidizers  such  as  ferric  chloride  increased  critical  potentials 
significantly. 

Alloyed  titanium  has  shown  an  unusual  rapassivation  cycling  after  crevice 
corrosion  initiation.  Critical  crovice  potentials  remained  generally 
constant  with  solution  pH  variations. 


Cgnciuiioni 


The  research  performed  during  this  laboratory  examination  has  lad  to  the 
following  concluaionat 

1.  It  was  feasible  to  correlate  potential  measured 
with  severity  of  attack,  indicating  initiation 
and  propagation  of  crevice  corrosion.  Initiation 
data,  alone,  provided  satisfactory  results,  and 
thus  a  shortsr  test  period  was  required. 

2.  This  technique  distinguished  between  subtle  differences 
in  crevice  corrosion  resistance. 

3.  Addition  of  oxidizers,  and  change  in  crevics/uncreviced 
ratios,  were  adequately  reflected  by  changes  in  electrode 
potential.  Thus,  shifts  from  the  corrosion  potential 
(ECorr)  the  active  and  noble  directions  denoted 
increasing  and  dscreasing  crevice  corrosion  attack, 
respectively. 

4.  The  newly  developed  titanium  alloy,  Bata-21S,  has  proven 
to  possess  superior  crevice  corrosion  resistance  to  pH 
levels  as  low  as  0.2. 
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Abstract 

The  effects  of  internal  hydrogen  on  the  room  temperature  mechanical  properties 
of  the  peak  aged  beta  titanium  alloy,  TIMETAL  21S,  are  quantified  as  functions  of  stress 
and  strain  state  in  Bridgman  notched  tensile  bars.  Electrochemical  precharging  of 
hydrogen  into  previously  aged  material  is  employed  to  preserve  a  fully  aged 
microstructure.  Hydrogen  effects  are  de-coupled  from  aqueous  embrittlement 
phenomena  via  mechanical  testing  of  pre-charged  material  in  air.  Maximum  longitudinal 
stress  and  plastic  strain  at  maximum  load  decrease  with  increasing  hydrogen 
concentrations  ranging  from  10-3000  ppm.  Fracture  path  is  shown  to  be  a  function  of 
hydrogen  concentration  and  level  of  constraint.  Intergranular  separation  is  attributed 
to  high  levels  of  hydrogen  and  constraint  and  possibly  to  abundant  a  precipitation  on 
grain  boundaries.  X-ray  diffraction  analysis  of  the  failed  notched  regions  detected  no 
evidence  of  hydride  formation  in  the  subsurface  a  phase. 

Introduction 

Critical  aerospace,  petrochemical,  and  marine  applications  demand  high  strength, 
formable  materials  which  are  resistant  to  corrosion,  stress  corrosion,  and  hydrogen 
embrittlement.  Modem  0  titanium  alloys  are  candidates  for  many  such  applications  due 
to  their  excellent  strength,  toughness,  formability,  and  resistance  to  general  corrosion  [1- 
5].  Furthermore,  titanium’s  compact  surface  oxide  film  limits  hydrogen  entry  and  the 
underlying  p  matrix  has  a  high  solubility  for  hydrogen  [6-7].  However,  both  model 
binary  beta  titanium  alloys  as  well  as  early  developmental  P  alloys  (Ti-13V-llCr-3Al) 
can  be  susceptible  to  hydrogen  embrittlement  [8-15].  Hydrogen  has  also  been  implicated 
as  the  embrittling  species  in  aqueous  environmentally  assisted  cracking  (EAC)  of  a-0  and 
p  alloys  [16-20],  Factors  supporting  a  hydrogen  embrittlement  mechanism  for  TIMETAL 
21S  in  aqueous  solutions  include  a)  electrochemical  conditions  at  the  crack  tip  which 
favor  hydrogen  production  b)  a  loading  rate  dependency  and  c)  discontinuous  crack 
bursts  [19].  Current  understanding  of  the  controlling  hydrogen  embrittlement 
mechanisms  in  peak  aged,  0-titanium  alloys  is  insufficient  to  enable  critical,  damage 
tolerant  applications  [21].  The  present  research  seeks  to  define  the  effects  of  a  range 
of  internal  hydrogen  concentrations  on  the  room  temperature  mechanical  properties  of 
the  peak  aged  0-titanium  alloy,  TIMETAL  2 IS. 

Experimental 

Solution  annealed  and  cross-rolled  TIMETAL  21S  plate,  nominally  10  mm  thick 
was  received  from  TIMET.  The  solution  annealed  condition  was  871  'C  for  8  hours 
followed  by  an  air  cool.  Heat  treatment  of  as-received  plate  consisted  of  an  8  hour  age 
in  air  at  538°  C,  followed  by  an  air  cool,  as  recommended  by  the  vendor.  One  hour  and 
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eight  hour  aged  microstructures  are  shown  in  Figure  1.  Note  that  a  precipitates  nucleate 
preferentially  on  p  grain  boundaries  after  the  1  hour  age  but  the  a-p  distribution  has 
homogenized  after  8  hours.  Hardness  for  the  eight  hour,  "peak  aged"  condition  was 
approximately  Rc  42  +/-1.2.  Yield  strengths  corresponding  to  this  aging  condition  are 
approximately  1205-1380  MPa  [4,22]. 


Figure  1.  Optical  Micrographs  of  T1METAL  21S  aged  at  538 ’C  for  a)lhr  and  b)8hrs 
a)  b) 


Aged  plate  was  machined  into  circumferentially  notched  tensile  bars. 
Electrochemical  pre-charging  of  hydrogen  was  conducted  at  90°  C,  in  a  solution  of  10ml 
sulfuric  acid,  1000ml  H20  and  0.8g  sodium  pyrophosphate.  Machined  specimens  were 
cathodically  polarized  to  10  mA/cm2  to  promote  hydrogen  uptake  and  to  provide 
cathodic  protection  [23].  Results  of  the  hydrogen  charging  operations  are  summarized 
in  Table  I,  as  analyzed  by  thermal  emission  methods  (LECO).  It  is  important  to  note 
that  egress  of  hydrogen  while  the  specimen  is  exposed  to  air  is  significantly  impeded  for 
titanium  due  to  the  formation  of  an  oxide  film  permeation  barrier  upon  removal  of 
specimens  from  the  charging  bath. 


Table  i.  Summary  of  charging  times  and  resulting  hydrogen  concentrations. 


Charging  Time 

Total  Hydrogen  Concentration 

Comment 

As-received 

50-100  ppm 

"Low  Hydrogen" 

24  Hours 

950-1750  ppm 

"Medium  hydrogen" 

64  Hours 

1900-3600  ppm 

"High  Hydrogen" 

The  effects  of  constraint  on  the  failure  stress  and  strain  were  investigated  by 
employing  Bridgman-tvpe,  circumferentially  notched  tensile  bars  to  develop  differing 
levels  of  net  section  triaxial  constraint  [24],  Constraint  levels  from  0.52  (0.33  =  uniaxial 
tension)  to  1.03  (2.5  =  sharp  notch)  were  investigated.  Degree  of  embrittlement  was 
quantified  by  determining  the  maximum  longitudinal  stress  developed  at  the  centerline 
of  the  notched  region  and  the  effective  plastic  strain  across  the  notch  diameter  at 
maximum  load  [24-26].  Following  the  procedure  of  Hancock  et.  al.  [25],  maximum  load 
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was  used  as  the  comparison  point  since  uncharged  bars  failed  after  achieving  a  maximum 
load  as  well  as  experiencing  a  load  decrease,  while  hydrogen  charged  bars  consistently 
failed  at  maximum  load. 


Results/Discussion 


Mechanical  Testing 

For  each  constraint  level  investigated,  hydrogen  decreases  the  longitudinal  stress 
developed  at  the  centerline  of  the  notch  at  maximum  load  and  the  effective  plastic  strain 
across  the  notch  diameter.  Both  stress  and  strain  decrease  with  increasing  hydrogen 
concentration  as  shown  in  Figure  2.  The  hydrogen  concentrations  reported  here  were 
obtained  from  a  section  of  each  tensile  bar  near  the  notch  and  as  such  represent  an 
average  concentration  for  the  volume  of  metal  tested. 

Figure  2.  Effect  of  hydrogen  on  the  a)  stress  and  b)  strain  developed  at  maximum  load 
for  aged  0  21S  at  room  temperature, 
a)  b) 


Longitudinal  Stress  vs  Hydrogen  Concentration  Plastic  Strain  vs  Hydrogen  Concentration 


Interpretation  of  Fracture  Paths 

Four  distinct  fracture  modes  were  observed  as  a  function  of  hydrogen 
concentration  and  constraint  as  shown  in  Figure  3.  Ductile  fracture  of  uncharged 
specimens  appear  to  follow  void  initiation,  growth,  and  coalescence  mechanisms.  Large, 
equiaxed  voids  are  often  seen  at  globular  (silicide-pbosphide-type)  inclusions  which  are 
connected  by  areas  of  finer  voids  oriented  approximately  45*  to  the  tensile  axis.  As 
hydrogen  and  constraint  are  increased  to  the  "medium*  levels  investigated  here,  a  second 
fracture  mode  (Transgranular  1)  is  triggered.  This  fracture  mode,  although  containing 
regions  which  appear  microscopically  ductile,  occurs  with  significantly  less  plasticity  than 
uncharged  specimens.  Hie  tearing  features  suggest  that  ductile  separation  of  the  a/0 
interfaces  has  occurred  along  with  some  trans-plate  fracture.  Hydrogen  may  segregate 
to  these  interfaces  as  a  consequence  of  coherency  strains  or  it  may  simply  embrittle  the 
surrounding  0  matrix.  At  similar  constraint  levels  but  higher  hydrogen  concentrations, 
the  microscopic  ductile  tearing  features  disappear  and  a  transgranular  fracture  mode 
containing  small  flat  regions  joined  by  ledges  results  (Transgranular  2).  During  this 
fracture  process,  the  increased  hydrogen  content  may  embrittle  the  0+a  structure  to  a 


degree  which  precludes  ductile  tearing  of  a-0  interfaces.  Instead,  transgranular  fracture 
of  the  a  and  0  phases  results  with  very  limited  plasticity.  Both  transgranular  modes 
might  be  expected  with  sufficient  dissolved  hydrogen  based  on  the  literature  which 
reports  a  transgranular  fracture  appearance  for  both  solutionized  and  aged  Ti-15-3  as 
well  as  Ti-13-11-3  at  room  temperature  [12^7],  Moreover,  for  both  solutionized  and 
aged  Ti-15-3  and  "aged  and  partially  resolutionized  by  dissolved  hydrogen'  0  21S,  the 
ductile  to  brittle  transition  temperature  inherent  to  bcc  metals  is  observed  to  increase 
above  room  temperature  with  dissolved  hydrogen  [27-28].  Such  "lower  shelf  behavior 
has  apparently  been  achieved  in  the  present  study  at  25  *C. 


Figure  3.  Fracture  modes  observed  in  peak  aged  TIMET AL  21S  subjected  to  differing 
levels  of  hydrogen  concentration  and  constraint.  From  top  left  clockwise,  microvoid 
rupture,  ductile  tearing  of  a-0  interfaces,  transgranular  fracture,  intergranular  fracture. 


Intergranular  cracking,  seen  in  both  hydrogen  and  aqueou:  chloride  testing  of 
aged  TIMETAL  21S  [19]  appears  to  occur  only  at  a  high  degree  of  triaxiality  and 
hydrogen  concentration.  Preferential  a  precipitation  at  0  grain  boundaries  (Figure  1) 
may  provide  a  continuous  path  for  localized  hydriding  and  subsequent  fracture. 
Although  bulk  hydriding  of  the  a  phase  was  not  detected,  it  is  possible  that  local 
hydriding  of  the  a  phase  occurred  at  a/0  interfaces  [29].  Alpha  titanium  has  a  relatively 
small  hydrogen  solubility  (approximately  80  ppm  at  90  *C)  [30]  and  stress  assisted 
hydriding  in  a  and  a-0  alloys  is  well  established  [31,32].  Hydrogen  accumulation  at  a/0 
interfaces,  which  serve  either  as  trap  sites  or  sites  for  local  strain  induced  hydriding. 
could  result  in  subsequent  fracture  along  a-0  interfaces.  This  multiple  stage  process  is 
consistent  with  the  intergranular  crack  bursting  phenomena  associated  with  a  time  for 
hydrogen  accumulation  [19],  Moreover,  if  the  continuous  grain  boundary  a  is  removed 
(as  in  TIMETAL  15-3  which  does  not  exhibit  preferential  a  precipitation  along  0  grain 
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boundaries)  0-titanium  alloys  may  be  resistant  to  EAC  in  aqueous  chloride  environments 
[19].  The  absence  of  intergranular  cracking  of  high  hydrogen,  high  constraint  notched 
tensile  specimens  of  aged  TI METAL  15-3  will  be  confirmed  in  future  work.  While 
intergranular  fracture  processes  may  involve  local  bydriding  of  the  preferentially 
nucleated,  grain  boundary  a  phase  or  trapping  at  a/0  interfaces,  it  is  important  to  note 
that  overall  hydrogen  embrittlement  of  0  titanium  alloys  is  not  contingent  on  bulk  a 
hydriding  as  shown  by  the  hydrogen  embrittlement  of  solutionized  0-Ti  alloys  [8-12]. 

Inspection  of  Table  □  reveals  seemingly  contradictory  information.  The 
intergranular  fracture  mode  occurs  near  the  edge  of  the  specimen  where  the  triarial 
stress  is  lowest  according  to  Bridgman's  analysis  [24-26].  In  contrast,  a  fracture  mode 
apparently  requiring  intermediate  fracture  energy  (transgranular)  is  observed  near  the 
specimen  centerline.  However,  these  results  are  consistent  with  a  hydrogen 
concentration  profile  which  decreases  from  edge  to  center.  Such  a  concentration  profile 
was  verified  through  determinations  of  the  0  lattice  parameter  at  various  depths  from 
the  precharged  surface.  These  results  imply  a  hydrogen  diffusion  coefficient  below  1 3 
x  Iff6  cm2/sec  at  90  *C  for  aged  TIMETAL  21S  since  a  diffusion  coefficient  above  this 
value  would  ensure  completely  uniform  charging  across  the  notch  diameter  in  24  hours, 
assuming  diffusion  controlled  ingress.  Holman  et  al.,  obtained  the  following  relationship 
for  hydrogen  diffusion  in  solutionized  Ti-13V-l!Cr-3Al:  D  =  1.58  x  Iff5  exp  (-5140  ± 
300  cal/mole  /  RT)  [33].  This  relationship  yields  a  diffusion  coefficient  of  1.9X106  to 
8.4xl(r  cm2/sec  at  90  *C.  Holman’s  result  is  in  good  agreement  with  Adler’s  work  on 
the  solution  annealed  0-Ti  alloy  Ti-8Mo-8V-2Fe-3Al  which  reported  D  =  6  ±  2  x  10-7 
cm2/sec  at  25  *C  [34],  It  is  clear  from  the  present  work  that  TIMETAL  21S  has  an 
apparent  diffusion  coefficient  including  a  trapping  effect  of  a  precipitates,  dislocation 
density,  and  other  sites,  which  is  significantly  lower  than  solution  annealed  0-Ti  alloys. 

Table  II.  Fracture  modes  of  a)  near  the  edge  and  b)  near  the  center  of  peak  aged, 
notched,  TIMETAL  21S  tensile  bars  at  room  temperature. 


•) 

|  Degree  of  Constraint 

H  Cone.  (wt.  ppm) 

0.52 

0.62 

1.03 

Low  (50-100) 

Microvoid  Rupture 

Microvoid 

Rupture 

Microvoid 

Rupture' 

Medium  (950-1750) 

Transgranular  2 
/Intergranular 

Transgranular  2 
/Intergranular 

Transgranular  2 
/Intergranular 

High  (1900-3600) 

Transgranular  2 

Intergranular/ 
Transgranular  2 

Intergranular/' 
Transgranular  2 

b) 

Degree  of  Constraint 

H  Cone,  (wt  ppm) 

0.52 

0.62 

1.03 

Low  (50-100) 

Microvoid  Rupture 

Microvoid  + 
Transgranular  1 

Microvoid 

Rupture 

Medium  (950-1750) 

Microvoid  + 
Transgranular  1 

Transgranular  1 
+  Microvoid 

Transgranular  l' 

High  (1900-3600) 

Transgranular  2' 

Transgranular  1 

Transgranular  1 

’  Denotes  case  which  is  shown  in  Figure  3. 

2,205 


Despite,  the  non-uniform  hydrogen  concentration  profile,  the  results  shown  in 
Table  2  point  to  the  possibility  of  a  critical  stress  -  hydrogen  concentration  failure 
criterion.  Although,  the  stress  at  the  notch  surface  of  the  high  constraint  tensile  bar  is 
lower  than  the  stress  at  the  centerline  by  a  factor  of  039,  the  hydrogen  concentration  is 
appreciably  greater.  It  is  interesting  to  note  that  rising  load  fracture  mechanics  testing 
on  p  21S  in  33%  NaO  produced  discontinuous  crack  jumps  of  distances  equal  to  two 
P  grains  (*200  pm)  over  time  periods  of  several  hours  suggestive  of  diffusion  controlled 
hydrogen  transport  in  the  fracture  process  zones  [19].  The  radial  depth  of  the 
intergranular  zone  shown  here  was  approximately  900  pm  after  charging  for  64  hours. 
Both  results  independently  imply  an  apparent  diffusion  coefficient  below  10* 
cm2/second.  Together,  these  results  suggest  that  intergranular  cracking  is  no  longer 
favorable  when  a  high  hydrogen  concentration  does  not  exist  in  the  fracture  process  zone 
over  a  distance  equal  to  a  multiple  number  of  grains. 

X-ray  Diffraction  Studies 

Analysis  of  x-ray  diffraction  (XRD)  data  from  peak  aged  HMETAL  indicates  a 
p  phase  lattice  parameter  of  0325  nm  for  uncharged  material  («75  ±  25  ppm),  0.328  for 
24  hour  charging  (*1400  ±  400  ppm)  and  0331  nm  for  64  hour  charging  (*2600  ±  800 
ppm).  Paton  et  al.  correlated  lattice  parameter  to  hydrogen  concentration  in  solution 
annealed  Ti-18  Mo  [35].  They  obtained  0.328  and  0331  nm  at  1000  and  2100  ppm, 
respectively,  in  good  agreement  with  the  data  presented  here.  No  evidence  of  hydriding 
of  the  p  phase  was  found.  Regarding  the  possibility  of  hydriding  of  the  a  precipitate,  x- 
ray  diffraction  analysis  was  conducted  on  (a)  specimen  surfaces,  (b)  several  micrometers 
beneath  the  specimen  surface,  and  (c)  at  a  position  as  near  as  possible  to  the  centerline 
of  notched  region  of  the  high  constraint,  high  hydrogen  condition.  The  latter  two 
conditions  were  achieved  by  surface  grinding  and  sectioning,  respectively.  Neither  a  nor 
p  phase  hydride  formation  were  detected  at  either  (a),  (b)  or  (c).  Instead,  peaks 
coinciding  with  the  a  phase  are  observed,  except  for  immediately  at  the  charged  surface 
where  neither  the  a  phase  nor  its  corresponding  hydride  are  observed.  Electron 
microscopic  examination  revealed  that  selective  elimination  of  the  a  phase  was  due  to 
spalling  of  the  near  surface  a  precipitates.  Such  spalling  would  be  expected  based  on 
the  volume  change  which  occurs  on  hydriding  [836].  To  confirm  the  notion  that  surface 
a  could  be  hydrided  under  the  electrochemical  conditions  used  here,  commercially  pure 
Ti  was  charged  under  identical  conditions  used  for  p  2 IS.  Hydride  formation  was  indeed 
confirmed  by  XRD.  To  summarize,  our  current  findings  suggest  that  hydriding  of  a 
precipitates  occurs  at  the  free  surface  but  that  hydriding  of  a  large  volume  fraction  of 
the  subsurface  a  does  not  occur  due  to  partitioning  of  hydrogen  to  the  p  phase. 

Conclusions 

Peak  aged  TIMETAL  21S  is  embrittled  by  hydrogen  concentrations  well  below 
those  required  to  hydride  the  p  phase.  Fracture  path  is  a  function  of  both  level  of 
constraint  and  hydrogen  concentration.  Approximate  ranking  of  fracture  modes  from 
toughest  to  most  brittle  is:  microvoid  rupture,  transgranular  tearing  of  a-p  interfaces, 
transgranular  fracture  through  the  a-p  microstructure,  and  intergranular  fracture. 
Intergranular  fracture  was  only  produced  at  the  highest  constraint  and  hydrogen 
concentrations.  Preferential  a  precipitation  on  p  grain  boundaries  is  suggested  to  have 
a  detrimental  role  on  HEAC  since  transgranular  cleavage  cracking  is  more  typically 
observed  for  solutionized  p.  Alpha  precipitates  within  the  p  matrix  may  hydride  locally 
at  a/p  interfaces  although  no  evidence  of  this  was  detected.  Alternatively  the  a/p 
interface  may  serve  as  a  trap  site  whose  strength  increases  with  increasing  hydrogen 
concentration  due  to  increased  coherency  strain.  The  resulting  intergranular  fracture 
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morphology  in  the  case  of  high  hydrogen-high  constraint,  tensile  specimens  is  similar  to 
that  observed  in  3.5%  NaCl  at  -600  mV,  suggesting  a  hydrogen  assisted  mechanism  for 
the  latter. 
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ABSTRACT 

The  environment  assisted  cracking  (EAC)  resistance  of  two  peak  aged  metastable  0- 
titanium  alloys,  Beta  21S  and  Ti-lS-3,  is  characterized  by  a  fracture  mechanics  resistance- 
curve  method.  Rising  load  experiments  in  aqueous  3.5%  NaCI  at  -000  mV„  show  that  Beta 
21S  is  susceptible  to  environmental  cracking.  Relative  to  a  moist  air  crack  initiation 
toughness  (plane  strain  Kk)  of  67  MPa/m  with  transgranular  fracture,  the  threshold  for  stable 
crack  growth  (K^)  in  chloride  is  as  low  as  38  MPa/m  and  fracture  occurs  by  intergranular 
separation.  The  reduction  from  Kk  to  K™  mildly  depends  on  loading  rate;  Kth  for  Beta  21S 
appears  to  be  minimized  at  crack  tip  strain  rates  between  10*’  sec'1  and  lO4  sec1;  cracking 
in  chloride  is  discontinuous  in  this  regime.  In  contrast  the  moist  air  initiation  toughness  of 
Ti-15-3  is  lower  (58  MPa7m)  than  that  of  Beta  21S,  but  is  unaffected  by  exposure  to  NaCI 
at  several  loading  rates  where  Kth  equals  K^.  The  reduced  EAC  resistance  of  Beta  21S, 
compared  to  Ti-15-3,  is  attributed  to  abundant  a  precipitation  at  0  grain  boundaries,  and 
perhaps  to  higher  yield  strength  for  the  former  alloy.  The  mechanistic  contributions  of 
localized  dissolution,  film  rupture  and  hydrogen  embrittlement  are  not  determined,  however, 
the  latter  is  suspected  for  EAC  of  Beta  2  IS. 

INTRODUCTION 

High  strength  /9-titanium  alloys  are  susceptible  to  brittle  environment  assisted  cracking 
(EAC)  in  ambient  temperature  halide  ion  solutions.  Fracture  mechanics  experiments 
demonstrate  that  early  developmental  alloys  (Ti-ll.5Mo-6Zr-4.5Sn  and  Ti-13V-llCr-3Al; 
wt%)  and  binary  model  compositions  (Ti-Mo),  stressed  in  NaCI  and  KC1  solutions,  exhibit 
stable  crack  growth  at  stress  intensities  (K)  well  below  the  plane  strain  fracture  toughness, 
K,c  [1-3].  Environmental  fracture  progresses  by  intergrar.u'cr  separation  and  transgranular 
"cleavage"  or  "quasi-cleavage";  the  cleavage  plane  is  {100}  [2].  Cracking  in  neutral  NaCI 
is  exacerbated  at  intermediate  loading  rates  (crack  tip  strain  rates)  and  applied  electrode 
potentials  (near  -600  mVgcg),  by  increased  yield  strength  (oyi),  and  by  cathodic  polarization 
with  H}S  addition  [1,3-6].  Relative  to  steels  and  a/0-titanium  alloys,  environmental  cracking 
in  /9-titanium  alloys  is  poorly  characterized  and  understood. 

It  is  reasonable  to  attribute  cracking  of  0-titanium  alloys  in  aqueous  electrolytes  to 
hydrogen  embrittlement  (hydrogen  environment  assisted  cracking,  HEAC)  because  of  the 
extreme  hydrogen  susceptibility  of  high  strength  body-centered  cubic  steels  [7],  because  both 
gaseous  hydrogen  and  cathodically  precharged  hydrogen  embrittle  0-titanium  alloys  [8,9],  and 
by  analogy  with  HEAC  in  a/0-titanium  alloys  [10],  The  HEAC  mechanism  for  0-titanium 
alloys  in  neutral  chloride  involves:  (a)  development  of  an  occluded  crack  electrochemistry, 
(b)  coupled  crack  surface  dissolution,  passive  film  formation  and  cathodic  H  production,  (c) 
film  rupture,  (d)  hydrogen  absorption  and  diffusion  into  the  crack  tip  process  zone,  (e) 
segregation  at  microstructural  trap  sites,  and  (f)  hydrogen  assisted  microcracking,  probably 
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by  decohesion,  localized  plasticity  or  hydride  mechanisms.  The  crack  surface  passive  film 
should  play  a  central  role  in  HEAC,  with  a  sound  film  blocking  hydrogen  production  and/or 
uptake.  Many  factors;  including  alloy  composition,  microstructure,  applied  electrode 
potential,  bulk  electrolyte  composition,  slip  deformation  mode,  and  dynamic  cyclic  strain; 
could  compromise  the  passive  film  and  enhance  the  uptake  of  embrittling  hydrogen. 

Research  was  initiated  to  investigate  surface  passivity  and  localized  dissolution  in 
addition  to  hydrogen  production,  uptake,  trapping  and  embrittlement  in  the  crack  tip  region 
of  high  strength  0-titanium  alloys  in  aqueous  marine  environments  [11],  The  objective  of  the 
work  reported  here  is  to  characterize  the  EAC  behavior  of  two  modem  0-titanium  alloys, 
subjected  to  dynamic  straining  to  destabilize  crack  tip  passivity,  and  employing  advanced 
fracture  mechanics  methods. 

EXPERIMENTAL  PROCEDURE 

Two  alloys.  Beta  2 1 S  (Ti- 1 5Mo-2. 7Nb-3 Al-0. 2Si-0. 1 5  O;  wt  % )  and  Ti- 1 5-3  (Ti-  15  V- 
3Cr-3AI-3Sn;  wt%),  were  obtained  as  10.2  and  9.5  mm  thick  hot  rolled  plate,  respectively, 
in  the  solution  treated  conditions  (871  °C  for  8  hours  and  816°C  for  30  minutes,  respective 
ly).  Oversized  blanks  of  each  alloy  were  peak  aged  at  538°C  for  8  hours.  The  resultant 
microstructures  are  homogeneous  and  isotropic  in  all  directions,  and  consist  of  fine  a  platelets 
in  a  0  matrix  of  100  /un  diameter  grains,  as  illustrated  for  Beta  2  IS  in  Fig.  1.  The  optical 
microstructure  of  Ti- 15-3  is  identical  to  that  shown  in  Fig.  1,  with  the  exception  of 
differences  in  grain  or  near  grain  boundary  a  precipitation  (see  Discussion).  Each  alloy  is 
presumed  to  be  stable  with  regard  to  w  and  0'  precipitation.  Measured  yield  strengths  from 
replicate  specimens  of  this  aging  condition  are  1380  MPa  (R,  42.5  ±  1.3)  for  Beta  2 IS  and 
1315  MPa  (Rc  36.9  ±  1.3)  for  Ti-15-3. 


(a) 

Figure  1:  Optical  micrographs  of  Beta  2 IS 
(b)  peak  aged  conditions. 

F.A(  resistance  was  characterized  with  a  slowly  rising  load  fracture  mechanics  method 
applied  to  the  fully  routing  single  edge  precracked  specimen  (SEN;  nominal  crack  length  = 
17.8  mm,  thickness  =  5.08  mm,  width  —  38.1  mm)  [12-14],  A  servohydraulic  machine  was 
employed  for  fatigue  precracking  (load  control  with  KWI  less  than  30  MPa/m)  and  rising 
load  cracking  (actuator  displacement  control).  Specimens  were  precracked  in  the  aqueous 
environment,  then  fractured  under  rising  load.  Crack  length  was  monitored  using  a 
computer  automated  direct  current  (applied  current  =  2  to  4  amperes)  potential  difference 
(DCPD)  method,  including  current  polarity  switching  to  eliminate  thermal  voluges  and  a 
reterence  probe  pair  to  account  for  temperature  and  current  variations  during  prolonged 


(b) 

in  the:  (a)  as-received  solution  annealed  and 
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experiments  [IS].  Measured  voltages  were  related  to  crack  length  through  Johnson's 
analytical  equation  for  the  SEN  specimen.  Applied  stress  intensity  was  calculated  from  load 
and  crack  length  with  a  standard  elastic  solution  [16],  and  plotted  as  a  function  of  crack 
extension  increment  (Aa).  The  threshold  K  for  crack  growth  initiation  (Kk  in  air  and  K™ 
for  aggressive  environments)  was  calculated  from  the  applied  load  at  the  first  change  in  the 
slope  of  the  initially  linear  electrical  potential  versus  load  record;  Aa  is  assumed  to  equal  zero 
prior  to  this  point  [17].  While  ASTM  Standard  E399  was  not  adhered  to  for  Kk  [18],  crack 
initiation  occurred  under  plane  strain  constraint  based  on  the  J-integral  approach  (thickness 
and  ligament  >  25  Jwu [12,13,19].  Since  small  scale  yielding  was  maintained  for 
all  cases,  the  contribution  of  Jpta-ic  to  K  was  negligible  and  assumed  to  equal  zero. 
Environmental  effects  on  crack  propagation  under  increasing  K  are  indicated  by  the  slope  of 
the  K-Aa  data.  Shear  walls,  present  after  initiation,  indicate  that  the  crack  propagated  under 
mixed  plane  strain  and  plane  stress. 

Fracture  experiments  were  conducted  in  either  moist  air  or  0.6M  (3.5  wt%)  NaCl  at 
fixed  electrode  potential,  near-neutral  pH  of  7,  and  25°C.  The  central  portion  of  the  edge 
cracked  specimen  was  immersed  in  flowing  (60  ml/min)  chloride  (pH  8,  23°C)  in  a  sealed 
plexiglass  chamber.  The  specimen  was  maintained  at  constant  potential  by  a  Wenking 
potentiostat  in  conjunction  with  a  Ag/AgCl  reference  electrode  and  two  platinum  counter 
electrodes,  each  isolated  to  minimize  solution  contamination. 

RESULTS 

Ti-15-3  is  resistant  to  EAC  during  rising  load  at  various  slow  displacement  rates;  these 
conditions  promote  HEAC  in  ferritic  and  martensitic  steels  exposed  to  NaCl  [7].  K-Aa  results 
are  presented  in  Fig.  2.  For  benign  moist  air,  the  initiation  toughness  (K^)  of  Ti-15-3  is  57 
and  59  MPa7m  based  on  replicate  experiments.  For  aqueous  chloride  at  a  fixed  potential 
of  -600  mVK„  Kth  ranges  from  61  to  65  MPa/m,  independent  of  actuator  displacement  rate 
varying  between  25  and  0.25  jim/min.  The  chloride  environment  does  not  degrade  the  crack 
initiation  toughness.  For  each  environment,  some  stable  crack  extension  is  observed  (dK/d  Aa 
>  0),  however,  this  tearing  resistance  is  not  environmentally  influenced.  The  difference  in 
dK/dAa  is  larger  for  the  replicate  air  tests  compared  to  the  aqueous  environmental  effect; 
actuator  displacement  rate  does  not  affect  the  EAC  propagation  resistance  of  Ti-15-3. 


Aa  (mm) 

Figure  2:  Rising  load  stress  intensity  versus  crack  extension  data  for  Ti-15-3  in  moist 
air  and  deaerated  3.5%  NaCl  (-600  mVK>/  as  a  function  of  loading  rate. 
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The  variability  of  the  crack  propagation  results  for  moist  air  may  be  related  to  subtle 
inaccuracies  in  defining  the  electrical  potential  corresponding  to  crack  initiation.  The  problem 
is  that  crack  tip  plastic  deformation,  microvoid  damage  and  macrocrack  growth  can  contribute 
to  voltage  increases.  Discontinuous  crack  bursts  were  indicated  by  measured  DCPD,  but  only 
for  the  aqueous  environment  and  not  moist  air. 

Environment  did  not  influence  the  microscopic  fracture  morphology  for  Ti-15-3. 
Typical  scanning  electron  fractographs  of  the  crack  initiation  region,  adjacent  to  the  fatigue 
precrack,  are  presented  in  Fig.  3  for  air  and  aqueous  NaCI.  For  each  case,  the  crack  surface 
is  mainly  populated  by  transgranular  features  indicative  of  microvoid-based  cracking,  as 
confirmed  by  high  magnification  observation.  Scattered  facets  are  present,  indicating  limited 
intergranular  microvoid  rupture;  intergranular  EAC  is  not  likely  for  Ti-15-3  because  similar 
facets  are  observed  for  cracking  in  NaCI,  moist  air  and  ultra-high  vacuum. 


(a)  (b) 

Figure  3:  SEM  fractographs  of  the  fatigue  precrack  (top)  and  rising  load  fracture 
toughness  crack  surfaces  in  Ti-15-3:  (a)  air;  (b)  deaerated  3.5%  NaCI. 


In  contrast  to  Ti-15-3,  Beta  2 IS  is  embrittled  by  aqueous  chloride  at  -600  mV,,,,  as 
shown  by  the  K  Aa  data  in  Fig.  4.  While  K*  is  high  (66  and  68  MPa7m)  for  moist  air, 
values  range  from  38  to  51  MPaym  for  Beta  2 IS  in  NaCI  at  -600  mV„.  The  macroscopic 


Figure  4:  Rising  load  stress  intensity  versus  crack  extension  data  for  Beta  21S  in  moist 
air  and  deaerated  3.5%  NaCI  (-600  mVM)  as  a  function  of  loading  rate. 
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crack  growth  resistances  (average  dK/dAa)  are  similar  for  each  environment.  Aqueous  NaCl 
caused  a  dramatic  fracture  mode  transition.  The  fractographs  in  Fig.  5  show  that,  while  the 
air  crack  appears  to  involve  intergranular  microvoid  fracture  (with  limited  tear-free  facets), 
the  chloride  case  is  almost  entirely  intergranular  with  little  evidence  of  resolvable  localized 
plasticity. 


(a)  (b) 

Figure  5:  SEM  fractographs  of  the  fatigue  precrack  (top)  and  rising  load  fracture 
toughness  crack  surfaces  in  Beta  21S:  (a)  air;  (b)  deaerated  3.5%  NaCl. 


Actuator  displacement  rate  mildly  affects  for  EAC  of  Beta  21S  in  NaCl.  Whi  e 
obscured  by  variability  for  replicate  experiments  at  25.4  um/min  and  a  recently  measured 
high  value  (K^  =  52  MPa7m)  at  12.7  jon/min,  K-™  appears  to  be  broadly  minimized  at 
displacement  rates  between  0.6  and  6  um/min.  Additional  experiments  are  in  progress  to 
define  the  strain  rate  dependence  of  HEAC.  Recent  results  suggest  that  KTH  equals  KIC  at 
high  loading  rates  and  that  crack  growth  is  not  observed  for  static  loading  (24  hours)  at  K 
levels  up  to  60  MPa7m.  Crack  bursts  were  observed  for  Beta  21S  in  NaCl,  but  only  for  the 
two  slowest  loading  rates.  Bursts  were  large  (50  to  300  /im)  and  occurred  at  about  five  hour 
intervals.  Discontinuous  cracking,  below  20  bursts,  would  not  be  resolved  by  DCPD. 

DISCUSSION 

Fracture  Toughness:  Moist  Air  The  moist  air  fracture  toughnesses  of  Ti- 15-3  (K^  =  57 
to  59  MPa/m)  and  Beta  21S  (Kk-  =  66  to  68  MPa7m)  are  comparable  to  values  reported  for 
0-titanium  alloys  at  similar  yield  strengths  [20-22],  This  agreement  suggests  that  the  DCPD- 
based  K-Aa  approach  accurately  characterizes  plane  strain  fracture  toughness  in  spite  of  small 
specimen  thickness  compared  to  the  requirement  of  Standard  E399  [18]. 

The  fracture  toughness  of  Beta  21S  is  superior  to  that  of  Ti- 1 5-3,  particularly 
considering  the  higher  yield  strength  of  the  former.  This  is  curious  because  cracking  of  Beta 
21S  in  air  appears  to  involve  grain  boundary  microvoiding.  Beta  2 IS  contains  substantial  a 
precipitates  at  or  near  0  grain  boundaries,  a  microstructure  that  is  not  observed  for  Ti-15-3. 
Ixe  et  al.  and  Froes  et  al.  report  that  K1C  is  degraded  by  grain  boundary  a  [21,22]. 
Localized  plastic  deformation  in  low  strength  a  results  in  strain  concentration  and  microvoid 
nucleation  at  a/0  interfaces  near  0  grain  boundaries.  The  fracture  toughness  of  Beta  21S  may 
be  further  improved  by  processing  to  eliminate  a  precipitates  at  0  grain  boundaries. 

Environmental  Cracking  Resistance  KTH  for  HEAC  of  the  1350  MPa  yield  strength  level 
of  tempered  martensitic  steels  in  aqueous  chloride  varies  between  12  MPa/m  and  38  MPa/m, 
but  typically  equals  25  MPa7m,  depending  on  metallurgical  and  mechanical  variables  [7], 
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Hie  EAC  resistances  of  high  strength  Beta  21S  and  particularly  Ti-15-3  are  good  compared 
to  such  steels,  consistent  with  previous  results  [23].  Ti-15-3  may  be  embrittled  by  more 
aggressive  hydrogen  producing  environments,  for  example  acidified  NaCl  with  sulfide 
addition  and  cathodic  polarization  [1,5-7].  Additional  experiments  are  in  progress  and 
include  longer  exposure  times,  a  range  of  loading  rates  and  applied  electrode  potentials,  in 
addition  to  low  amplitude  ripple  loading  [24]. 

The  rising  load  EAC  results  do  not,  in  isolation,  define  the  embrittlement  mechanism 
for  the  /9-titanium  alloys;  this  is  being  examined  in  parallel  studies  [8,24,25].  Two  points 
are  notable.  Intermittent  crack  bursts,  over  distances  greatly  in  excess  of  the  crack  tip 
process  zone  and  on  the  order  of  one  to  five  grain  diameters,  suggests  HEAC  with  a  strong 
role  of  grain  boundary  traps.  Intergranular  cracking  is  a  classic  damage  mechanism  for 
hydrogen  embrittled  steels  [7].  The  extent  to  which  predissolved  hydrogen  degrades  Kk 
during  rising  loading  and  produces  intergranular  cracking  is  being  determined  for  comparison 
with  the  EAC  behavior  of  Beta  21S  and  Ti-15-3  in  NaCl  [25]. 

It  is  important  to  understand  the  different  EAC  sensitivities  of  Ti-15-3  and  Beta  21S. 
Assuming  HEAC,  the  resistance  of  Ti-15-3  may  be  explained  by  yield  strength.  Modeling 
and  experiment  show  that  lower  strength  steels  are  less  susceptible  to  HEAC,  particularly  for 
NaCl  and  strengths  below  1500  MPa  [7].  The  expected  yield  strengths  of  Beta  21S  and  Ti- 
15-3  are  1210  MPa  and  1010  MPa,  respectively,  for  the  eight  hour  age  at  538°C  [23,26], 
suggesting  better  HEAC  resistance  for  Ti-15-3.  Gagg  and  Toloui  report  that  Ti-15-3,  aged 
at  510°C  for  six  hours  (ultimate  tensile  strength  =  1260  MPa  and  ay,  «*  1200  MPa),  is 
embrittled  during  slow  strain  rate  loading  of  smooth  tensile  specimens  in  several  chloride 
solutions  [5],  These  ay,  values  are  substantially  less  than  the  measured  strengths  of  the  two 
alloys  studied  here;  the  reason  is  undetermined.  A  strong  yield  strength  effect  on  Kth  is  not 
likely  because  of  the  small  measured  strength  difference  between  Beta  21S  and  Ti-15-3. 
Additional  work  is,  however,  required  because  of  the  unexpectedly  high  values  of  oyt. 

The  relative  HEAC  behaviors  of  Ti-15-3  and  Beta  2 IS  are  not  explained  by  occluded 
crack  solution  hydrogen  production  and  uptake  [1 1].  Cr  and  V  solute  in  the  0  phase  of  Ti- 
15-3  should  dissolve  and  hydrolyze  at  -600  mVKt  to  produce  a  more  acid  crack  tip  pH 
compared  to  Beta  21S  which  contains  Mo  and  Nb.  Mo  should  promote  crack  tip  passivity 
and  hinder  hydrogen  uptake.  These  hypothesis  are  not  consistent  with  the  measured  HEAC 
resistances  of  the  two  alloys. 

It  is  reasonable  to  speculate  that  Beta  2 IS  is  sensitive  to  intergranular  EAC  in  NaCl 
because  of  extensive  a  precipitation  at  or  near  beta  grain  boundaries.  This  microstructure  was 
not  observed  for  Ti-15-3,  as  demonstrated  by  interrupted  aging  (2  hours  at  538°C);  Fig.  6. 
Whether  very  fine  a  is  present  at  Ti-15-3  boundaries  must  be  determined  by  electron 
microscopy.  Gagg  and  Toloui  did  not  report  the  microstructure  or  the  solution  treatment 
conditions  of  Ti-15-3  that  was  embrittled  by  NaCl  [5],  The  Beta  21S  microstructure  may  be 
environment  sensitive  because  a  brittle  continuous  hydride  film  forms  in  hep  a-titanium  and 
at  a/0  interfaces  [1 ,27,28],  Intergranular  cracking  may  also  be  traced  to  hydrogen  trapping 
at  alp  interfaces,  to  localized  plastic  deformation  in  the  soft  a  that  produces  stress/strain 
concentrations  that  interact  with  embrittling  hydrogen,  or  to  local  dissolution  of  a.  Either 
cold  rolling  of  Beta  2  IS  prior  to  aging,  or  restricted  recovery  and  recrystallization  during  hot 
rolling  and  solution  treatment,  should  provide  distributed  intragranular  nucleation  sites  for  a 
precipitates,  apart  from  0  grain  boundaries  [29].  The  more  homogeneous  microstructure 
should  be  resistant  to  HEAC  [1]. 

EAC  and  HEAC  depend  on  strain  rate.  For  NaCl,  embrittlement  is  maximum  at  an 
intermediate  strain  rate  of  order  6  x  10"6  sec'1  for  0  Ti-15-3  and  2  x  10'J  sec'1  for  a/0  Ti-6A1- 
4V  [1,5,10,30].  For  Beta21S  in  NaCl,  the  mild  minimum  in  Km  (Fig.  3)  occurs  at  an 
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(a)  (b) 

Figure  6:  Optical  micrographs  of  underaged  (a)  Beta  2 IS  and  (b)  Ti- 1 5-3. 


estimated  crack  tip  strain  rate  of  between  10'  and  lO^4  sec  corresponding  to  actuator 
displacement  rates  of  0.6  and  6  um/min  and  constant  loading  rates  of  15  and  150  N/min.  It 
is  not  possible  to  quantitatively  compare  smooth  specimen  and  crack  tip  strain  rates  because 
the  former  is  typically  not  measured  or  maintained  constant  (5).  Crack  tip  strain  rate  vanes 
with  distance  into  the  process  zone  and  is  not  accurately  known  [31].  (The  above  strain  rates 
were  calculated  at  a  distance  of  one  blunted  crack  tip  opening  displacement  ahead  of  the  crack 
tip.)  From  the  FIE  AC  perspective,  embnttlement  may  be  most  severe  at  the  strain  rate  that 
balances  surface  film  destabilization  and  hydrogen  uptake  (promoted  by  increased  rate)  with 
the  time  necessary  for  hydrogen  diffusion  into  the  crack  tip  process  zone  (promoted  by 
decreased  rate).  The  kinetics  of  each  process  are  not  defined. 


CONCLUSIONS 

1 .  The  threshold  stress  intensity  for  stable  crack  propagation  in  Beta  2 IS  is  significantly 
reduced  by  simultaneous  slow  loading  and  exposure  to  aqueous  NaCl  at  -600  mVM. 
Cracking  in  chloride  is  intergranular  compared  to  grain  boundary  and  transgranular 
microvoid  processes  for  moist  air.  and  is  possibly  by  hydrogen  embnttlement. 

2.  The  crack  initiation  fracture  toughness  and  microscopic  fracture  processes  of  Ti- 15-3 
are  unaffected  by  chlonde  environment  exposure  for  several  slow  constant  actuator 
displacement  rates. 

3.  The  EAC  susceptibility  of  Beta  2 IS  and  the  resistance  of  Ti- 15-3  are  explained  by 
copious  a  precipitation  at  0  grain  boundanes  and  the  high  yield  strength  of  the  former 
alloy. 

4.  The  chlonde  environmental  cracking  thresholds  of  Ti- 15-3  and  Beta  2  IS  are  supenor 
to  the  behavior  of  tempered  martensitic  steels  at  equal  yield  strength. 

5.  Dynamic  loading  rate  affects  EAC  in  Beta  2 IS;  KTH  for  crack  growth  in  NaCl  may 
be  minimized  at  a  crack  tip  strain  rate  between  10'  and  10-4  sec  '. 
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Abstract 

The  anodic  behavior  of  Ti  and  Ti  alloys  (Ti-0.3Mo-0.8Ni, 
Ti-6A1-4V  and  Ti-0.2Pd)  in  hot  acid  NaCl  solution  was  studied. 
Bty  investigating  the  effects  of  pH,  Cl“  ions,  temperature, 
Ti(m)  and  Ti(IV)  ions  as  well  as  dissolved  oxygen  on  anodic 
behavior  of  Ti,  we  obtained  three  experimental  equations  re¬ 
lating  critical  passivation  current  density  (im)  to  pH,  el¬ 
and  temperature  (T)  respectively  as  follows  1 

dlog  im/dpH  =  -1.5;  dlog  im/dlogfCl”)  *  1.0; 

log  im  *  A  -  4.29  x  103/T. 

According  to  the  experimental  results,  a  mechanism  for  active 
dissolution-passivation  of  Ti  in  this  solution  has  been  sug¬ 
gested.  Introduction 

A  considerable  amount  of  work  has  been  done  on  the  anodic 
behavior  of  Ti  and  Ti  alloys  in  strong  acid  solutions  of  HC1, 
H0SO4,  etc.  and  several  dissolution-passivation  mechanisms  of 
Ti  have  been  estabilished  in  terms  of  their  experiments (1-8 ). 
However,  there  are  a  few  investigations  about  the  anodic  be¬ 
havior  of  Ti  and  Ti  alloys  in  hot  acid  NaCl  solutions.  Por 
this  reason,  this  note,  using  electrochemical  methods,  was  un¬ 
dertaken  in  order  to  study  in  more  detail  on  the  anodic  beha¬ 
vior  of  Ti  alloys  and  the  effects  of  some  factors  in  hot  acid 
NaCl  solution.  On  the  bases  of  results,  an  anodic  dissolution 
-passivation  mechanism  of  Ti  in  this  solution  has  been  pro¬ 
posed.  All  of  which  would  provide  bases  for  titanium  alloys 
used  in  chemical  industry,  desalination  of  seawater  and  long¬ 
term  disposals  nuclear  fuel  wastes,  etc. 

Experimental 

The  electrodes  used  for  the  experiments  were  made  from 
commercial -purity  Ti  alloy  coupons.  Their  compositions  are 
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shown  in  Table  1.  The  electrodes  were  fabricated  in  0.7cm  diam 
and  embeded  in  PTPE  cylinders.  After  polished  in  sequence  with 
nos.  1  to  6  emery  paper,  the  electrodes  were  washed  with  dis¬ 
tilled  water  and  degreased  with  acetone.  The  solution  was  de¬ 
aerated  with  prepurified  nitrogen  for  at  lest  1  hour  before  an 
experiment  ran.  In  order  to  be  measured  the  typical  activation 
-passivation  curves,  the  electrodes  were  activated  in  HP  +HNO3 
+  lactic  acid  for  1  minute,  then  were  washed  quickly  with  dou¬ 
ble-distilled  water  and  were  introduced  into  the  deaerated  so¬ 
lution.  Unless  otherwise  noted,  the  temperature  of  the  solu¬ 
tion  was  maintained  at  100  ±  0.5’C  and  a  condenser  tube  was 


Table  1.  The  compositions  of  Titanium  alloy  coupons 


wt*  A1 

V 

Mo  Ni 

Pd 

Pe 

Si 

c 

N 

H 

0 

Ti 

Ti 

_  _ 

— 

.14 

.04 

.02 

.01 

.002 

.12 

bal. 

TC4  6.20 

4.0? 

—  _ 

— 

.15 

.04 

.02 

•°? 

.006 

•1? 

bal. 

Ti-12 

_ 

0.26  0.78 

.10 

.0? 

.02 

.02 

.00? 

.4? 

bal 

Ti-0.2Pd  - 

-  - 

0.20 

.15 

.03 

.03 

.00? 

bal 

annexed  to  the  cell  to  keep  the  water  Iobs  for  the  solution 
evaporation.  The  anodic  behavior  curves  were  determined  by  po- 
tentiodynamic  measurements  with  a  scanning  rate  of  20  mv/min. 
from  the  corrosion  potential  which  was  achieved  for  about  two 
hours.  All  electrode  potentials  (E)  were  measured  against  an 
external  saturated  calomel  electrode  (SCE)  at  room  temperature 
and  it  was  87mv  against  internal  0.1N  KC1  Ag/AgCl  reference 
electrode  at  100‘C. 


Results  and  Discussion 
1.  The  Anodic  Characteristic  of  Ti. 

Pig.  1  is  the  anodic  polarization  curve  of  Ti  in  pH  =  1,2 
NaCl  solution.  It  has  a  typical  active-passive  shape.  When  E< 
-600mv,  Ti  is  at  active  state  and  when  -600mv<E<-450mv,  Ti  is 
at  an  active-Dassive  transition  region.  The  primary  passivation 


Pig.l  Anodic  polarization  curve 
of  Ti  in  NaCl+HCl  solution. 
T=100'C,  pH*l .2 ,  (C1-M.3M 


1.  Non-polished  electrode. 

2.  Electrode  exposed  to  air  for 
30  rain,  after  polished. 

3.  Electrode  defilmed  by  the 
etching  solution. 


potential  Ep  is  -602mv.  As  E>-450mv,  Ti  is  at  a  total  passiva¬ 
tion  region.  Ef  «-450mv  is  Plade  potential.  And  when  E>2400mv, 
the  current  increases  again.  The  perpassive  potential  poten¬ 
tial  EBp  is  2460mv.  Because  the  pitting  potential  of  Ti  in 
chlorine  acid  is  so  high  even  though  at  100 *C  it  is  more  them 
5V  (9),  the  anodic  reaction  at  the  perpassive  region  is  mainly 
chlorine  or  oxygen  discharged  reaction. 

2.  Self-passivation  Behavior. 

The  corrosion  potential-time  curves  of  Ti  in  the  test  so¬ 
lution  are  shown  in  Pig  2,3.  Pig  2  indicates  the  passivation 
film  of  Ti,  which  had  formed  at  air  for  a  half  hour,  can  deter 
the  corrosion  of  pH*1.5  boiling  saturated  NaCl  solution  and  Ti 
cannot  be  activated.  As  Pig. 3  shows,  the  higher  pH  value,  the 
more  tendence  of  Ti  self-passivation  increase.  When  pH>2.0, 
the  corrosion  potentials  can  quickly  go  into  the  passive  re- 

aon  even  though  the  electrodes  were  activated  in  etching  so- 
tion  for  removing  the  passive  film.  Meanwhile,  as  the  acidity 
of  the  solution  increases  (pH<1.5),  Ti  is  difficult  to  become 
self-passivation. 


1-6.  defilmed  electrodes. 

7.  non-deftlmed  electrode. 

1,7. pH-1. 0?  2.pH«1.2;  3. pH.1.5: 
4.pH«1.9;  5.pH«2.0j  6.cH«2.2 
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The  E  -  t  curves  of  TC4,  we  would  see  in  Pig  4,  are  simi¬ 
lar  to  those  of  Ti  except  that  the  active  corrosion  potential 
of  TC4  is  more  negative  than  that  of  Ti.  However,  as  shown  in 
Pig  5,  6,  the  corrosion  potentials  of  Ti-12  and  Ti-0.2Pd  qui¬ 
ckly  shift  toward  positive  and  attain  E  >  -400mv  in  just  a  few 
minutes.  Even  though  in  the  strong  acid  (pH-0. 7,  measured  in 
100*C)  saturated  NaCl  solution,  their  corrosion  potentials 
never  steadily  go  into  the  active  state  of  Ti.  Therefore,  the 
self-passivation  ability  of  Ti-12  and  Ti-0.2Pd  is  far  greater 
than  that  of  Ti  and  TC4. 

3.  The  Effects  of  Some  Factors  on  Anodic  Behavior  of  Ti. 

(1) .  Acidity:  Our  former  studies  on  the  anodic  polariza¬ 
tion  curves  of  Ti  in  various  pH  solutions  has  revealed  that (10) 
the  primary  passive  potentials  (E-)  become  slightly  more  ne¬ 
gative  and  the  critical  current  densities  (im)  become  smaller 
with  increasing  pH  values.  Results  are  given  in  Pig.  7a,  in 
which  logarithmic  critical  current  densities  are  plotted  as  a 
function  of  pH  in  HCl+NaCl  solution.  It  shows  an  approximately 
straight  line.  The  slope  of  the  line  is  -1.5,  which  iB  more 
negative  than  references  (3*  7)  described  in  the  ambient  tem¬ 
perature  solutions. 

(2) .  Chloride  ions:  There  are  a  number  of  inconsistencies 
about  the  effects  of  chloride  ions  on  the  corrosion  behavior 
of  titanium  (2,3,11-15).  It  is  our  former  experimental  confir¬ 
mation  that  the  active  dissolution  of  Ti  increased  with  in¬ 
crease  in  the  concentration  of  chloride  ions  (10,16).  Pig.  7b 
is  logarithmic  relation  of  critical  current  of  Ti  and  chloride 
ion  concentration.  It  also  manifests  a  similarly  straight  line, 
of  which  slope  is  about  1.0.  It  indicates  that  the  chloride 
ions  on  this  condition  promote  corrosion  of  Ti. 

(3) .  Temperature:  The  experiments  revealed  that,  as  the 
temperature  increases,  titanium  can  more  easily  go  from  passi- 


log(Cl-).  pH-1.2 


vation  state  into  activation  region  as  well  as  increase  the 

critical  current  densities.  Pig  8  shows  that  login 
iHBoiosifl  verv  well  a  linear  function.  In  accord  with  Arrhe- 
niu*  Lawi  loSL  -  A  -  E/RT,  we  could  obtain  an  apparent  active 
energy6*!!  -8*21  x  104  J/mol  (19.7  Ical/nol)  of  anodic  proce¬ 
dures  of  titanium  in  this  solution. 

(4) .  Dissolved  oxygen:  Our  former  note,  using  Ti  disk  elec¬ 
trode?  has  shown  (10)  that,  in  the  absolutely  deaerated  solu¬ 
tions,  the  anodic  curves  are  not  relative  with  the  disk  speeds, 
but  in  the  non-deaerated  solutions,  the  critical  currents  de¬ 
crease  with  the  rotation  speeds  increase.  Only  as  w>3000rpm, 
the  anodic  curves  overlapped.  It  displays  that  the  dissolved 
oxygen  is  beneficial  to  Ti  passive  film  formation. 

(5) .  Ti(m)  and  Ti(IV)  ions:  Although  many  articles  are 
discordant  with  regard  to  the  tri valent  and 

ions  present  (3,  5-7,  11).  our  results  have  shown  (10),  Ti(II) 
ions  are  oliiy  oxidized  at  a  passive  Ti  surface  to  form  Ti(IV) 
ions  in  this  solution  and  don't  promote  dissolution  of  Ti.  The 
tri  valent  ions  oxidization  reaction,  which  is 
trolled,  is  first  order  with  respect  to  the  f 

Ti(m)  ions  and  the  rate  constant  for  the  oxidation  is  1.21  x 
10*  pA/cm^M.  And  as  the  presence  of  Ti(IV)  ions,  the  anodic 
currents  decrease  because  Ti(IV)  ions  are  reduced  at  an  active 
state  Ti  electrode  to  form  Ti(HI)  ions  in  solutions  and  only 
act  as  cathodic  de-polarization.  The  reduction  reaction  is  1 
first  order  with  respect  to  the  cone ent rat ion  o f  T^ ( 
and  the  rate  constant  for  the  reduction  is  6.87x10  uVcm  M. 

4.  The  Anodic  Behavior  of  the  Alloys. 

The  ateadv  active-passive  curves  of  TC4  in  the  study  on 
the  anodic  behavior  of  TC4  have  also  obtained .  Only  difference 
from  Ti  is  that  the  corrosion  potential  and  primary  passiva- 
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rig. 10  Anodic  polarisation  curves 
of  Ti-12  and  Ti-0.2Pd  at  100’C 

1.2—  pH.1.2  H2S0.;  3,4— pH-1.2 
(C1-M.3M  HCl.NaCl, 

2.3—  Ti-12j  1,4— Ti-0.2Pd. 
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tion  potentials  of  TC4  are  much  more  negative  than  those  of  Ti, 
meanwhile  the  primary  passivation  current  densities  of  TC4  are 
greater  than  those  of  Ti  at  the  same  condition,  which  means 
that  TC4  is  inferior  to  Ti  for  anti-corrosion  in  this  solu¬ 
tion  ana  it  is  contrary  to  Prayret  studied  in  hydrochloric 
acid  (8).  By  the  study,  we  have  obtained  two  similarly  straight 
lines  about  the  effects  of  pH  and  Cl~  ions  too,  as  shown  in 
Pig  9,  dlogi„/  dlog(Cl-)  -1.0  and  dlogim  /dpH  -  -1.5.  That  also 
denotes  H+  and  Cl~  ions  intensifying  corrosion  of  TC4  in  this 
solution. 

Por  the  electrochemical  behavior  of  Ti-12  and  Ti-0.2Pd 
alloys,  as  above  this  note,  the  two  alloys  corrosive  poten¬ 
tials  quickly  go  into  the  passive  state  potential  of  Ti.  The 
region  of  anodic  dissolution  therefore  is  absent  on  the  anodic 
curves,  as  shown  in  Pig  10.  Purthermore,  Pig  11.  shows  that 
the  cathodic  curves  for  the  two  alloys  are  from  400  to  450mv 
more  noble  than  that  of  Ti  and  TC4  owing  to  a  considerable  de¬ 
crease  of  hydrogen  overvoltage.  So  the  steady-state  potentials 
of  the  two  alloys  are  definitely  in  the  range  where  Ti  is  com¬ 
pletely  passivated.  In  Pig  10,  we  could  see  the  anodic  current 
densities  of  Ti-12  at  1420mv  in  both  NaCl+HCl  and  H0SO4  solu¬ 
tions  rise  greatly,  which  is  different  from  Ti-0.2Pd  and  Ti. 

It  probably  corresponds  to  a  lower  oxygen  overvoltage  on  Ti-12 
surface  than  on  the  other  alloys. 

5.  Anodic  Activation-passi 

vat ion  Mechanism. 

According  to  previous  des¬ 
criptions  and  our  former  in¬ 
vestigation  on  the  films  of 
Ti  in  the  same  solutions(10, 

17)  as  well  as  the  results 
of  this  note,  we  believe  that 
the  abodic  dissolution  of  Ti 
in  hot  acid  NaCl  solution 
constitutes  three  parallel 
procedures*  anodic  dissolu¬ 
tion,  passivation  and  che¬ 
mical  dissolution  of  passive 
film.  The  probable  procedures 
as  following* 

(A).  Active-state  dissolu¬ 
tions 


Ti  +  H20  <=  Ti(0H)ad  +  H+  +  e  (1) 
Ti(0H)ad  +  H20  *  (Ti<0H)2)ad  +  H+  ♦  e  (2) 
(Ti(0H)2)ad  +  H+  -i^-(Ti(0H))2+  +  H20  +  e  (3) 
(Ti(OH) )2+  +  H*  +  Cl"  -  TiCl2+  +  H20  (4) 
(B).  Passivation* 

After  (Ti(0H)2)ad  is  produced  in  Eq .  (2), 
(Ti(0H)2)ad  -H-  TiOOH  ♦  H+  +  e  (5) 


If»V,  ICE  ) 


Pig. 11  Cathodic  polarization  curves  of 
TI  alloys  In  pH-1.5,  <C1")«1.3M, 
NaCUHCl.  1.  Tl-0.2Pd;  2.  TI-12, 
3.  purs  TI,  4.  TC4. 


TiOOH  +  H20  -  TiO(OH)2  +  H+  +  e  (6) 

TiO(OH)2  *  Ti02  +  H20  (7) 

(C).  Chemical  dissolution  of  passivation  filmt 
Ti02  +  H+  «  (TiO(OH))ad  (8) 

(TiO(OH))£d  +  Cl"  JL  (TiO(OH)Cl)ad  (9) 

(TiO(OH)Cl )ad  +  H+  *»  (TiOCl)+  +  H20  (10) 

(TiOCl)+  +  4 Cl”  w  (TiOClg)3"  (11) 

This  mechnism  has  mainly  two  different  points  from  former 


proposed.  Pirst,  it  is  considered  the  effects  of  H+  and  Cl“ 
ions  in  active  dissolution  procedure.  Second,  it  is  assumed 
that  the  absorption  of  H*  and  Cl“  ions  in  the  passive  film 
dissolution  is  Temkin  absorption. 

Assume  Ia  to  be  the  current  density  of  the  active-state 
dissolution,  If  to  be  the  current  density  of  the  passive  film 
formation  and  B  to  be  chemical  dissolution  of  the  passive  film. 
Consequently,  by  simply  deducing,  we  can  obtain  stationary 
dynamic  equation  as  following  (17), 

I  ■  (Ia  +  If)/(1  ♦  SIf/B)  (12) 

where  3  represents  the  passive  film  aera  formed  by  consuming 
one  coulomb  current  capacity. 

At  primary  passivation  potential  Bp,  it  can  be  believed 
Is»If  and  SIf/B  »1,  that  means  the  active-state  current  den¬ 
sity  is  far  more  than  the  current  density  of  the  passive  film 
formation  and  the  passive  film  formation  rate  is  far  more  Ulan 
the  passive  film  dissolution  rate.  Consequently,  Eq.(12)  can 
be  simplified  tot 

Im  .  I8B/SIf  (13) 

If  assume  that  Eq.(8)  and  Eq.(9)  are  Temkin  absorption, 
and  because  Eq.(8)  is  at  a  quasi-equilibrium  state,  we  can 
easily  deduce  the  expression  (17 )t 

BKg  -  (l8/K_8)(1"r)(H+)(1"r)(Cl-)  (14) 

where  Kq,  Kg  and  K_8  are  Eq.(9)  and  Bq.(6)  rate  constants  res¬ 

pectively  and  r  is  absorption  summetry  factor  of  which  usual 
value  is  0.2-0. 8. 

Because  Eq.(3)  and  Bq.(5)  aj*e  parallel  anodic  reactions, 
Soi 

Ia/If  -  K3 ( H+ ) exp ( W3PE/HT  )/K^exp  (W^  Fl/RT ) 

«  K^-1  ( H+ )  exp  (( #3-0(5  )FE/RT)  (15) 

where  K3  and  Kc  are  Bq.(3)  and  Bq.(5)  rate  constants. 

By  using  Bq.(14)  and  Eq.(15)  inserted  into  Bq.(13),  then 
the  critical  current  density  is  given  by  Bq.(16)i 

In  -  K3K5-:LK9(lC8/K.8)a'r)3-:L(H+)2-r(Cl-)exp((»3-0»5)F^HT) 

(16) 


For  usually  r  ■  0.5,  Eq.  (16)  gives  the  results? 
dlogIm/dpH  =  -dlogIm/dlog(H+)  =  -1.5  (17) 

dlog  Im/dlog(Cl”)  =  1.0  (18) 

Eq.(17)  and  Eq.(l8)  agree  with  the  experimental  results. 

It  illustrates  the  assumption  mechanism  is  reasonable. 

Conclusion 

(1) .  pH,  Cl“  ions,  temperature  and  dissolved  oxygen  have 

obvious  effects  on  the  anodic  behavior  of  Ti  in  hot  acid  NaCl 
solution.  The  Ti(m)  ions  do  not  effect  the  activation  and  the 
passivation  of  Ti,  and  the  Ti(IV)  ions  only  act  as  cathodic 
depolarization  for  Ti.  As  to  these  factors,  the  three  experi¬ 
enced  equations  have  been  obtained?  -1.5, 

dlogIm/dlog(Cl“)  -  1.0,  logIn  -  A  -  4.29  x  103/T. 

(2) .  The  TC4  alloy  has  the  similar  anodic  behavior  to  pure 
Ti,  but  it  is  inferior  to  pure  Ti  for  corrosion  resistance  in 
this  studied  condition.  The  Ti-12  and  Ti-0.2Pd  alloys  don't 
reveal  the  typical  active-passive  behavior  ewing  to  the  shift 
of  the  stead-state  potentials  by  a  great  decrease  in  hydrogen 
overvoltage  to  the  potential  region  where  Ti  is  completely 
passive.  Thus,  They  can  act  as  the  beat  corrosion-resistant 
alloys  in  this  solution. 

(3) .  The  activation-passivation  mechanism  of  Ti  in  this 
solution  is  from  Eq.  (1)  to  Eq.  (11)  reactions. 
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Abstract 

This  papar  will  raviaw  aoma  of  tha  davalopmanta  in  tha  araaa  of  sponge 
production,  malting,  racycling  and  primary  procaaaing  ainca  tha  laat 
confaranca  four  yaara  ago.  As  many  of  tha  davalopmanta  in  thia  ganaral 
araa  ara  propriatary,  it  is  difficult  to  prasant  an  all-ancompasaing 
viewpoint.  Nonathalaaa,  thara  ara  still  many  araaa  which  can  be  diacuaaad 
in  an  open  format,  and  as  many  of  thaaa  aa  posaibla  will  ba  addraaaad. 

Introduction 

Examining  tha  world  titanium  induatry  ovar  tha  past  four  yaara  and  com¬ 
paring  it  to  tha  prior  twanty-fiva  to  thirty  yaara,  one  readily  concludes 
that  tha  paat  faw  yaara  have  aean  mors  changa  in  the  induatry  than  any 
comparabla  period.  For  example ■ 

a)  Tha  political  davalopmanta  in  Russia  have  brought  tha  world's 
largsst  capacity  producer  much  closer  to  tha  world  market  than 
aver  before.  The  need  for  hard  currency  in  this  region  of  tha 
world  will  undoubtedly  bring  a  substantial  amount  of  sponge 
and/or  mill  product  to  tha  market  at  vary  competitive  prices. 

b)  The  economic  recession  in  tha  Haatsrn  World  has  taken  a  heavy 
toll  on  tha  titanium  induatry.  For  example,  in  1991  U.S. 
shipments  suffarad  tha  largsst  percentage  drop  from  tha  prior 
year  (34.2%)  in  over  30  yaara.  (Sea  Table  I). 

c)  RMI  Titanium  Co.  closed  ita  24  M-lb/yr  sponge  facility  in  early 
1992  after  ovar  35  yaara  of  operation.  Thia  raducas  tha  U.S. 
aponga  capacity  from  67  M-lbs/yr  in  1991  to  46  M-lbs/yr,  a  31.3% 
decline. 

d)  TIHET  announced  an  agreement  to  join  Union  Titanium  Sponge 
Corporation  (UTSC,  a  Japanese  consortium)  in  tha  construction  of 
a  22  M-lbs/yr  vacuum  distillation  facility  at  TIMET's  Henderson, 

NV  aponga  plant.  Thia  facility,  which  will  ba  operational  in  early 
1993,  will  ba  tha  only  U.S.  vacuum  distillation  facility.  TIMET 
plans  to  idle  a  comparable  amount  of  its  currant  leachad  sponge 

Titanium  '92 
Science  and  Technology 
Edited  by  F.H  Froei  and  I.  Caplon 
The  Minerali,  Metalt  &  Motefioli  Society,  1993 
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capacity  whan  tha  diatillad  sponge  production  begins. 

a)  After  40  yaara  of  alaoat  exclusively  ralying  on  vacuum  arc 
malting,  cold  haarth  malting,  aithar  plaama  or  alactron  baam, 
haa  aoargad  aa  a  viabla  production  malt  practica.  Thia  new 
malt  practice  ia  already  qualified  for  premium  rotating  grade 
applications  in  gas  turbine  applications. 

These  changes  are  certainly  dramatic  in  an  industry  which  us¬ 
ually  undergoes  evolutionary  rather  than  revolutionary  changes. 
Coupled  with  other  related  developments,  it  is  easy  to  argue 
that  tha  face  of  the  worldwide  titanium  industry  will  continue 
to  change  far  more  rapidly  than  past  history  would  suggest. 
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Production/Capacltv  Statistics.  Table  II  provides  a  summary  of  world 
aponga  capacity  from  1981-1991.  Overall,  world-wide  capacity  changed  very 
little  over  that  span,  ranging  from  227  M-lbe  in  1981  to  263  M-lba  in  1984 
and  1990  -  a  modest  15%  change  over  tha  entire  period.  However,  the 
pie-chart  in  figure  la  shows  the  1990  breakdown  by  country,  with  Figure  lb 
showing  the  projected  breakdown  for  1992.  As  noted  earlier,  Russia  has  the 
largest  capacity,  with  Japan  ranked  second  and  the  U.S.  third,  even  further 
behind  Japan  with  the  closing  of  tha  RMI  sponge  plant.  Given  the  current 
economic  environment  in  the  titanium  industry,  it  is  difficult  to  project 
much  of  any  substantial  increase  in  capacity  over  the  short  term.  The  only 


TABLE  11.  -  World  Spongt  C.p.cltv' 1  ^ 


Capacity  (m-lbs) 

'Jl 

*  82 

*  83 

'84 

'85 

•86 

'87 

'88 

'89 

'90 

’91 

U.S. 

61.0 

67.0 

67.0 

67.0 

65.0 

61.0 

56.0 

56.0 

64.0 

67.0 

67.0 

Japan 

60.0 

7J.0 

75.0 

75.0 

69.0 

69.0 

51.0 

51.0 

59.5 

63.5 

63.5 

Europe 

8.0 

11.0 

11.0 

11.0 

11.0 

11. 0 

11.0 

11. 0 

11.0 

11.0 

11.0 

Subtotal 

129.0 

149.0 

153.0 

153.0 

145.0 

141.0 

118.0 

120.0 

134.5 

141.5 

141.5 

Russia  (C.l.S.) 

92.0 

100.0 

100.0 

104.0 

106.0 

106.0 

110. 0 

110.0 

115.0 

115.0 

115.0 

China 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

Total 

227.0 

255.0 

259.0 

263.0 

257.0 

253.0 

234.0 

236.0 

255.5 

262.5 

262.5 

Sourct*s(>)  Tlt.nlua  Statistical  Raviav:  19(1-1990  PubU.h.d  by  U.S.  Titanlua  Davalopaant 
Association  (1991  Valuaa  Eatlaatad). 


added  capacity  known  by  tha  author  to  ba  under  construction  at  thla  time 
(other  than  the  TIHET  diatillatlon  facility)  la  the  24-cell,  roughly  7  H-lb 
capacity,  electrolytic  plant  being  conatructed  in  Terni,  Italy  by  Oinatta 
Torino  Titanium.  It  ehould  be  noted,  however,  that  RMI  diacontinuad  ita 
operation  of  a  aingle  oinatta  pilot  cell  in  1991. 


WORLD  SPONGE  CAPACITY 


1901  1902  PROJECTED 

262.5  M-lbs.  245.6  M-lbs. 


Figure  la  and  lb  -  Percentage  Breakdown  of  World  Sponge  Capacity. 

Tablee  III  and  IV  list  the  sponge  production  statiatica  aa  a  percentage  of 
overall  capacity  for  the  U.S.  and  Japan  respectively.  Thia  data  shows  the 
historical  ’boom-bust*  cycle  that  has  plagued  the  titanium  industry  for  so 
long  (See  also  Table  I).  In  the  U.S.,  sponge  production  as  a  function  of 
capacity  ranged  from  41.6%  to  86.9%  while  Japanese  capacity  utilisation 
ranged  from  31.1%  to  91.2%. 

Since  the  aerospace  industry  (military  plus  commercial)  typically  accounts 
for  well  over  half  of  titanium  consumption,  it  is  gsnerally  felt  that 
expansion  into  non-aerospace  (industrial)  markets  will  lessen  the  cyclical 


TA1LE  HI.  -  U.S.  Production  Statistic!^ 


■81 

•82 

’83 

'84 

'85 

'86 

'87 

*88 

'89 

'90 

29t.<2) 

Sponge  Production 
(■-lbs) 

- 

- 

27.9 

48.7 

46.5 

14.8 

39.4 

49.1 

55.6 

54.4 

29.5 

X  of  Capacity 

- 

- 

41.6 

72.7 

71.5 

57.0 

70.4 

84.6 

86.9 

81.2 

44.0 

Ingot  Production 
(n-lbe) 

92.4 

53.1 

52.9 

80.0 

70.8 

70.2 

74.4 

65.7 

91.0 

81.1 

54.9 

Z  of  Capacity 

92.5 

45.2 

43.7 

57.1 

50.6 

50.1 

50.6 

58.3 

61.9 

54.2 

37.1 

Scrap  Contused 
(•-lbs) 

29.6 

17.0 

20.3 

11.1 

29.4 

31.0 

36.1 

39.8 

38.8 

33.0 

25.1 

X  of  Ingot 
Production 

32.0 

12.0 

38.4 

38.9 

37.1 

47.0 

48.5 

46.4 

42.6 

40.7 

45.7 

TABLE  IV.  -  Japanese  Production 

Statistics^1* 

‘81 

*82 

'81 

'84 

•85 

'86 

'87 

'88 

'89 

•90 

'91 

Sponge  Production 

54.7 

37.1 

23.3 

31.9 

49.1 

32.1 

22.2 

36.1 

47.0 

56.5 

- 

Z  of  Capacity 

91.2 

52.2 

31.1 

45.2 

71.2 

46.5 

43.5 

70.7 

79.0 

89.0 

_ 

Sourc..:  ^Tltanlua  Statladeal  Ravlaw:  1981-1990  Fubllahad  by  U.S.  Tltanlua  Davalopaant 
Aaaodadon  and  <2>1991  Mlnaral  Induatry  Survaya.  U.S.  turaau  of  Mlnaa, 

Fabruary  28,  1992. 

natura  of  th#  Induatry.  Much  affort  la  being  axpandad  to  davalop  auch 
markets.  For  example,  tha  automotive  markat  la  conaldarad  a  strong 
candldata  for  a  naw  lnduatrlal  markat  for  titanium- 1-5  Sinca  coat  ia  over¬ 
whelmingly  tha  kay  drivar  in  thia  markat,  apacial  low  coat  titanium  alloya 
hava  baan  davalopad  for  thia  markat.  Daido6  haa  davalopad  a  fraa-machining 
alloy  grada  to  halp  raduca  tha  high  machining  coata  in  connacting  rod 
manufacture.  TIMXT  haa  davalopad'  a  low  coat  aubatituta  for  T1-6A1-4V  for 
uaa  in  axhauat  valvaa  and/or  connecting  roda.  Such  afforta  hopefully  will 
not  only  lead  to  applicationa  in  tha  automotive  arena  but  alao  in  othar 
non-aeroapace  applicationa  aa  wall. 

Ultra-Hlah  Purity  Titanium.  Although  it  is  very  amall  compared  to  tha 
conventional  marketa  for  titanium  sponga,  there  ia  a  steadily  increasing 
markat  for  ultra-high  purity  titanium  for  use  on  integrated  circuita  for 
tha  alectronica  induatry.  Within  this  markat  aagmant,  purity  lavala  are 
often  referred  to  as  4-9’a  (99.99%),  4-9’s,  7  (99.997),  5-9's  (99.999%) 
etc...  but  only  metallics  are  considered  in  this  figure.  For  example,  a 
4-9* a  product  haa  leea  than  100  ppm  (total)  of  all  tramp  metallica  (Fa,  Ni, 
Cr,  Al,  V,  Mn...)  but  could  contain  several  hundred  ppm  of  intarstitiala 
auch  as  oxygen,  nitrogen,  ate.  Currently,  tha  markat  for  this  product  is 
moving  from  about  99.993  (4-9's,  3)  towards  a  5-9's  product.  While  the 
U.S.  market  is  only  roughly  in  tha  15,000  to  20,000  lbs/yr  range,  tha 
ultra-high  purity  product  commands  a  significantly  higher  price  than  con¬ 
ventional  eponge. 

Tha  high  purity  product  ia  moat  often  produced  by  a  molten  salt  electro¬ 
refining  aimilar  to  tha  process  cited  by  the  U.S.  Bureau  of  Minas.8'9 
Special  attention  is  paid  to  all  processing  steps  thru  malting  in  ordar  to 
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reduce  tramp  contamination.  Soma  racant  patent*10'11  relating  to  improved 
production  method*  have  bean  isaued  during  the  last  law  year*. 

Malting 

Cold  Hearth  Maltinoi  Arguably  the  most  dramatic  progress  in  ths  melting 
arena  over  the  last  several  yeara  has  bean  the  emergence  of  the  cold  hearth 
melting  process  as  a  production  tool.  Thera  are  two  types  of  cold  hearth 
furnaces  currently  being  ueed  -  those  which  use  electron  beam  guns  for 
melting  (IB)  and  those  which  use  plasma  torches  (Plasma).  Table  V  lists 
some  of  the  pro's  and  con's  of  each  type  of  furnace.  Perhaps  the  most 
significant  drawback  to  the  EB  furnace  ie  the  evaporative  loss  of  high 
vapor  pressure  elements  such  as  aluminum  and  chromium.  On  the  other  hand, 
the  plasma  process  has  limited  hydrogen  removal  capability  and  a  more 
turbulent  pool.  Also  shown  in  this  table  ia  the  poorer  melting  power 
efficiency  of  these  processes  compared  to  VAR,  establishing  these  processes 
as  higher  cost  melting  practices.  However,  both  processes  appear  to  be 
i  very  effective  in  their  primary  function  -  removing  potential  defects. 


TABLE  V.  -  comparison  of  Melting  Systems 


E.B. 

Plasma 

Cold  Hearth 

Cold  Hearth 

VAR 

Evaporative  Loss 

Yes 

No 

NO 

Hydrogen  Removal 

Yes 

Limited 

Yes 

Power  Consumption  (KWH/ kg) 

2.4 

3.0 

1.0 

Loose  Feed  Capability 

yes 

yes 

Limited 

Sponge  Feed  Capability 

Limited 

1001 

100% 

Furnace  Cost/Lb  Capacity 

Highest 

High 

Moderate 

Maintenance  Cost 

High 

High 

Moderate 

HDI  Removal 

yes 

Yes 

No 

LDI  Removal 

Very  Good 

Very  Good 

Limited 

spec"  heats  of 

T1-6A1-4V  were  produced  by 

1988, 3*  it  was  the  tragic  United 

1  232  incident 

at  Sioux  City 

in  July  of  1989 

that  significantly  accelerated  efforts  to  employ  this  process  on  a 
production  basis.  The  initiation  site  for  the  crack  which  ultimately  led 
to  the  fan  disc  failure  in  the  United  232  incident  was  found  to  be 
associated  with  an  undissolved  burnt  sponge  particle,  otherwise  known  as  a 
Type  I  low  density  inclusion  (LDI ) .  Such  burned  sponge  particles,  when 
high  enough  in  nitrogen  content,  do  not  melt  during  the  melting  process  and 
hence  must  be  dissolved  by  the  molten  pool.  For  a  given  particle  size, 
there  is  a  critical  residence  time  in  the  molten  pool  (at  a  given 
temperature)  which  mutt  be  exceeded  before  the  particle  will  be  dissolved. 
The  advantage,  and  hence  utility,  of  the  cold  hearth  melting  process  is 
that  the  time  material  spends  in  the  hearth  -  known  at  residence  time  -  is 
independent  of  power  supplied  to  the  hearth.  Thus,  as  opposed  to  VAR 
melting,  residence  time  in  the  molten  pool  is  theoretically  infinitely 
variable.  It  is  felt  that  the  cold  hearth  process  should  be  capable  of 
dissolving  or  trapping  "all''  potential  LDI  formers.  In  addition,  the 
hearth  ha*  bean  shown  to  be  essentially  100%  effective13' 14  in  trapping 
other  high  melting,  high  density  defects  (such  as  tungsten  particles)  known 
as  HDI's  (high  density  inclusions).  Because  of  the  well  established 
benefits  of  this  process  in  terms  of  "eliminating"  LDI's  and  HDI's  some 
engine  producers  are  now  specifying  hearth  melted  material  for  critical 
component  manufacture. 
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Aa  would  be  expected  with  auch  a  ralativaly  naw  procaaa,  thara  ara  atill 
some  unanawared  questions  regarding  cold  haarth  malting: 

a)  Doaa  haarth  malting  ramova  loot  of  LDI's  and,  if  ao,  can  daaignara 
actually  taka  advantage  of  thia?  Thia  laada  to  a  related  iaaua 
about  NDI  and  the  ability  to  verify  a  ’defect  free"  condition. 

b)  la  thara  a  difference  between  plaama  ve.  EB  maltad  quality? 

c)  la  it  necaaaary  to  VAR  after  haarth  melting?  Today,  all  hearth 
malted  material  ia  aubaaquently  VAR  procaaaed. 

d)  Hhat  about  the  economica  of  haarth  malting  in  general  (hearth  va. 

VAR)  and  EB  va  plaama? 

Since  moat  rotating  gaa  turbine  engine  componenta  are  daaigned  on  the  baaia 
of  low  cycle  fatigue  and  operate  at  very  high  streaaea  (hence  have 
relatively  email  critical  flaw  aiaea),  the  clean  ingot  technology  could  have 
a  major  impact  on  the  deaign/aervice  life  of  auch  componenta.  However, 
airframe  atructurea  which  generally  operate  at  lower  atreaaea  and  are 
deaigned  for  crack  growth  (ia.  damage  tolerance)  are  leaa  likely  to  be 
affected  by  auch  technology.  Aa  a  reault,  the  large  engine  producera 
(principally  GE)  have  apearheaded  the  afforta  to  bring  thia  procaaa  to  a 
full  production  atatua.  They  have  incorporated  thia  melting  procaaa  into 
their  apecificationa  and  continue  to  work  on  improvamenta  and  a  better 
undaratanding  of  the  procaaa. 

An  example  of  the  on-going  afforta  ia  the  current  A.F.  aponaored 
program14  being  conducted  by  G.E.  to  "establish  the  hearth  malt  'only 
proceaaea  and  procedures  for  preparation  of  premium  quality  alloys  for  gas 
turbine  engine  components".  Today  all  haarth  melted  material  is  given  a 
final  VAR  step.  The  A.r./G.E.  program  is  evaluating  elimination  of  the 
final  VAR  melt  step. 

One  of  the  principle  techniques  to  be  used  in  the  A.F. /G.E.  program  will  be 
to  aeed  the  ingots  with  a  high  number  of  artificial  seeds  (nitridad  sponge 
particlea)  and  aubaaquently  ultraaonically  inspect  (UI)  the  product  as 
billet  and  bar.  It  should  be  noted  that  the  product  can  only  be  pronounced 
as  'clean'  as  the  UI  capability.  From  a  conaervative  design  standpoint, 
one  could  only  assume  a  defect  site  equivalent  to  (or  slightly  below)  that 
to  which  the  material  can  be  inspected.  This  has  brought  to  bear  a 
considerable  amount  of  effort  into  improved  UI  capability. 

It  ia  also  important  to  note  that  cold  hearth  melting  ia  being  applied 
to  non-aerospace  or  non-premium  grade  product.  In  auch  caaes,  hearth 
melting  ia  strictly  driven  by  economics  wherein  low  cost  forma  of  scrap  are 
recycled  thru  the  hearth,  typically  at  a  much  faster  melt  rate  than  premium 
grade  product.  In  these  inatancea,  up  to  100%  scrap  (auch  as  turnings)  can 
be  recycled. 

Fine  Boonoe.  At  the  1988  International  Conference,  J.  Hall15  reported  on  a 
U.S.  Patent16  which  diacloaed  the  method  of  rendering  sponge  particles 
"finer"  than  normal  in  order  to  facilitate  the  dissolution  of  undesirable 
LDI  formers.  There  are  two  key  variables  in  determining  the  time  required 
for  dissolution  of  a  particle: 


a)  Particle  site 

b)  Dissolution  rsta  (dependent  on  molten  pool  tamparature,  chemistry, 
stirring. . . ) 

Tha  fine  sponge  process  takas  advantage  of  a  smaller  particle  size  to 
promote  particle  dissolution.  By  shearing  and  screening  processes,  the 
largest  sponge  particle,  and  hence  potential  LDI  former,  can  be  sub¬ 
stantially  reduced.  TIMET  implemented  the  fine  sponge  process  for  VAR  in 
1988  by  reducing  the  maximum  sponge  particle  size  from  about  8mm  dia.  to 
3.4mm  dia.  This  change  in  particle  size  has  contributed  to  roughly  an 
8-fold  reduction  in  LDI  incidence  rata.  Such  an  improvement  was 
demonstrated  over  a  production  run  of  over  5  million  pounds  of  product. 

A  logical  extension  of  this  development  could  be  the  combining  of  the  cold 
hearth  melting  process  with  the  fine  sponge  approach.  The  benefit  might 
not  only  be  greater  assurance  of  LDI  dissolution  but  also  economic  savings. 
The  finer  particles  will  require  less  residence  time  and  hence  a  faster 
melt  rate  could  be  used.  Using  the  relationships  cited  by  Hall15,  wherein 
the  time  to  dissolve  a  cylindrical  particle  is  proportional  to  the  square 
of  its  radius,  halving  of  the  particle  size  reduces  the  dissolution  time  by 
a  factor  of  four. 

Computer  Modelling  of  VAR  and  Hearth  Heltlna.  The  vacuum  arc  remelting 
processes  is  very  complex.  There  are  many  variables  which  can  affect  ingot 
quality  from  the  standpoint  of  homogeneity,  and  soundness.  Such  variables 
can  also  affect  product  yield  thru  their  impact  on  grain  structure  and 
surface  quality.  It  is  usually  difficult  and  vary  expensive  to  adequately 
quantify  tha  effects  of  the  numerous  melting  variables  such  as  voltage, 
current,  stirring,  etc...  In  order  to  more  efficiently  evaluate  these 
effects,  computer  modelling  of  the  VAR  process  has  been  developed.  Such  a 
model  is  discussed  by  J.  R.  Faber17  in  a  recent  publication.  Faber  begins 
by  showing  the  correlation  of  the  model  vs.  prior  published  data  in 
predicting  molten  pool  depths  as  a  function  of  melt  rate  (power).  He  then 
shows  the  excellent  correlation  between  actual  thermal  measurements  on  an 
instrumented  crucible  wall  during  a  production  VAR  melt  vs.  the  model 
predictions.  Having  established  the  validity  of  the  model,  he  then  goes  on 
to  show  how  the  model  can  be  used  to  predict  segregation  tendency  in  a 
difficult  to  melt  alloy  (Ti-10V-2Fe-3Al)  by  combining  the  Tiller  Equation18 
with  the  model's  predicted  temperature  gradients  and  solidification  rates. 
By  the  Tiller  Equation,  it  is  shown  that  dendritic  freezing  and  micro- 
segregation  are  avoided  wheni 


GDL  a  ie,  -MC(ldS) 

~7~  k 

where  G  -  thermal  gradient  at  the  liquid  interface)  Dj,  ■  diffusivity  of  the 
solute  (Fe  in  the  case  of  Ti-10V-2Fe-3Al )  in  the  liquid;  v  •  freezing 
velocity  of  the  interface.  These  values  on  the  left-hand  side  of  the 
equation  are  melting  variables  (D^  is  affected  by  stirring).  The  variables 
on  the  right-hand  side  are  a  function  of  the  solute  element  of  interest  i  H 
•  slope  of  the  liquidus  at  the  melting  point;  C  *  solute  content  in  the 
liquid  away  from  the  interface  and  k  >  partitioning  coefficient  (ratio  of 
solidus  content  vs.  liquidus  content).  By  rearranging  the  terms, 


Tiller  Factor  «  0DL  k  <  1  > 

VMC(l-k) 

Faber  uaaa  th#  Tiller  factor  to  determine  If  aggregation  can  be  avoided 
(ie.  aegregation  ia  avoided  if  the  Tiller  factor  ia  leaa  than  one). 

Since  the  melting  variablea  can  be  calculated  by  the  modal,  and  the 
material  variablea  can  be  approximated  from  binary  phaaa  diagrama,  one  can 
uae  the  model  to  predict  the  impact  of  melting  variablea  on  aegregation 
tendency  and  thereby  deaign  a  auitable  melt  practice  which  avoida  the 
aegregation. 

Such  modelling  can  be  used  to  solve  a  variety  of  melting  problems.  For 
example,  post-melt  thermal  gradients  can  be  altered  by  melt  practice  in 
such  a  way  so  aa  to  minimiia  or  eliminate  cracking  of  brittle  ingots  such 
aa  alpha-two  or  gamma  titanium  aluminides.  Alao,  the  modelling  proceas  can 
be  used  to  predict  residence  time/temperature  profiles  for  dissolution  of 
burned  sponge  particles  which  can  lead  to  low  density  inclusions  (LDI's). 

The  modelling  technique  can  also  be  used  to  study  hearth  melting  as  well. 

It  is  clearly  a  very  powerful  and  uaeful  tool  which  will  continue  to  evolve 
as  demands  on  melting  quality  become  more  stringent. 

Scrap  Recycle 

DOSS  Process.  RMI  Titanium  Co.  (J.  L.  Fisher)  discloses  a  "process  for 
deoxidising  refractory  metals  such  as  titanium  which  contain  lass  than 
about  one  percent  oxygen’  in  two  recent  patents19'20.  The  process  is 
referred  to  as  the  DOSS  (Ce-Qxidation  in  the  solid  State)  process.  It  is 
intended  to  be  used  on  section  sizes  less  than  about  4.7mm  (.185")  in 
thickness,  typically  for  powder,  chips,  turnings,  sheet  or  foil.  The 
process  consists  essentially  of  the  following  stepsi 

a)  Placing  the  "high"  oxygen  material  (typically  .2  to  .3t  oxygen)  in  a 
container  with  about  one  tenth  by  weight  as  much  deoxidizer  plus 
carrier.  The  preferred  deoxidizer  is  calcium  and  the  preferred 
carrier  is  sodium.  The  calcium  to  sodium  ratio  is  about  1 1 4  to  lilO. 

b)  Heating  the  combined  substances  to  roughly  900*C  to  1000*c  under 
vacuum  or  inert  gas  for  2  to  12  hrs. 

c)  Distilling  off  the  carrier  (optional) 

d)  After  cooling  the  product  to  room  temperature,  crushing  if  necessary 
then  acid  leaching,  rinsing  and  drying. 

The  patents  cite  examples  wherein  samples  originally  containing  .2  to  .3t 
oxygen  are  reduced  to  about  .025  to  .055%  levels.  Thus,  oxygen  is  commonly 
lowered  by  roughly  65%  to  slightly  over  90%  in  some  cases. 

A  similar  process  for  oxygen  removal  from  "bulk"  titanium  is  also  shown  by 
Okabe  etal21  in  which  they  employed  calcium  plus  CaClj  flux.  They  reported 
reductions  in  oxygen  from  800  to  1200  ppm  down  to  less  than  100  ppm  (30  to 
90  ppm)  by  exposing  small  cross-section  titanium  samples  to  the  Ca  +  CaCl2 
mixture  in  the  temperature  range  of  900*C  to  1000*C  for  24  to  60  hrs.  This 
process  is  essentially  that  cited  by  Rostron22  in  1958.  In  that  case, 
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Roatron  waa  using  Cha  calcium  daoxidatlon  aa  a  aacond  raduction  atap 
following  a  primary  atap  which  waa  incapabla  of  r amoving  enough  oxygan. 

Tha  utility  of  thaaa  daoxidatlon  procaaaaa  la,  aa  uaual,  driven  by 
economica.  If  tha  coat  of  titanium  acrap  (ag.  turninga)  plua  tha  coat  of 
deoxidation  ia  laaa  than  that  of  virgin  matariala  (aponge  ♦  maater  alloy), 
than  the  procaaa  can  be  viable.  Thia  aaaumea,  of  couraa,  that  the 
deoxidized  material  can  ba  malted  and  procaaaed  on  an  equivalent  coat  baaia 
aa  the  virgin  matarial. 


Procaaalna  Windows.  One  of  tha  key 'a  to  producing  a  high  quality  mill 
product  auch  aa  aaroapaca  quality  billet  or  bar  ia  tha  ability  to  produce  a 
fine  uniform  macroatructura  aa  early  in  tha  convaraion  procaaa  aa  poaaible. 
Since  an  as-cast  ingot  containa  not  only  very  coarae  graina  but  alao  a  wide 
ranga  of  grain  aizea  and  morphologiaa,  it  ia  uaually  a  primary  objective  of 
the  early  ingot  convaraion  atepa  to  induce  recryatallixation  in  order  to 
refine  tha  grain  aite  and  produce  a  uniform  grain  aixa.  Failure  to  do  ao 
properly  can  raault  in  unacceptable  product  containing  undaairabla  defacta 
auch  aa  atrain  induced  poroaity  (S.I.P. ),  continuoua  grain  boundary  alpha, 
blocky  alpha,  ate.. 

In  order  to  provide  for  complete  and  uniform  recryatallixation, 
proceaaing  windowa23  auch  aa  that  ahown  echematically  in  Figure  2  are  being 
uaed.  While  it  ia  readily  apparent  in  thia  figure  that  work  conducted 
below  the  beta  tranaua  ia  very  affective  in  driving  complete  recryatal¬ 
lixation,  one  doaa  not  alwaya  have  that  option  available.  For  example, 
metaatable  beta  alloya  and  beta  rich  alpha-beta  alloya  have  auch  low  beta 
tranaua  valuea  and  high  flow  atreaaea  at  the  aubtranaua  temperaturea,  it  ia 
often  impoaaible  to  effectively  uae  aubtranaua  work  to  drive  recryatal¬ 
lixation.  Even  in  alloya  with  higher  beta  tranaua  valuea,  aection  aixe 
requirementa  often  preclude  tha  uae  of  aubtranaua  work.  In  auch  caaaa, 
work  above  the  beta  tranaua  temperature  muet  ba  uaed  to  drive 
recryatallixation. 

The  achematic  in  Figure  X  ahowa  that,  for  a  given  amount  of  work,  there  ia 
an  optimum  combination  of  work  temperature  and  anneal  temperature  in  order 
to  provide  complete  recryatallixation.  Uaually,  it  ia  deairable  to  drive 
recryatallixation  at  aa  low  a  temperature  aa  poaaible  in  order  to  keep 
grain  aixe  aa  fine  aa  poaaible. 


Figure  2  -  Schematic  representation  of  a  Proceaaing  Window  for  a  given 
amount  of  applied  atrain  (work). 


This  philosophy  of  propsrly  controlling  thermomechanical  procsssing  (TMP) 
vsrisblss  to  control  rscrystsllisstion  is  not  limited  to  ingot  conversion 
practices.  A  recent  patent  by  Bhowal2*  etal.  discloses  a  similar  concept 
used  in  the  production  of  fine  grained  titanium  forgings.  By  this  method, 
isothermally  beta  forged  components  are  held  in  the  isothermal  dies  for  a 
sufficient  time  to  allow  recryatallisation  to  occur. 

The  Next  four  Years.. 

Driven  by  product  quality  and/or  production  cost  demands,  and  with  work 
currently  directed  in  these  areas,  it  seems  rather  straightforward  to 
predict  some  of  the  areas  whsre  significant  progress  will  be  made  over  the 
next  four  years i 

a)  Low.. Cost  Sponge  Production.  It  has  long  been  a  goal  within  the 
industry  to  reduce  production  costs  by  employing  a  continuous  sponge 
making  process  instead  of  the  current  batch  processes.  Recent 
patents25-27  in  this  area  suggest  that  substantial  progress  will  be 
made  over  the  next  few  years,  although  implementation  of  a  production 
facility  would  appear  to  be  several  years  away. 

b)  Improved  Ultrasonic  Inspection.  With  the  improved  quality  derived  from 
efforts  such  as  cold  hearth  malting  and  "fine  sponge",  there  is  now 
tremendous  pressure  on  the  non-destructive  inspection  community  to 
improve  overall  capability.  It  is  difficult  from  a  design  standpoint 
to  take  advantage  of'  "clean"  material  unless  there  is  a  method  of 
verifying  its  quality.  We  can  expect  not  only  improvements  in  the 
inspection  instrumentation  itself,  but  also  enhancements  in  the 
materials  inspectability  thru  controlled  thermomechanlcal  processing. 

c)  Cold  hearth  melting  will  see  a  significant  advancement  in  the 
development  and  implementation  of  sensors  specifically  designed  for  the 
process.  Sensors  which  can  measure  molten  pool  temperature  and  depth 
(volume)  will  be  used  to  verify  residence  time  in  the  hearth.  Also, 
particularly  for  the  E.B.  systems,  real  time  analytical  sensors  will 
determine  pool  chemistries  in  order  to  be  able  to  adjust  alloy  content 
to  accommodate  evaporative  losses. 

d)  Metal  Matrix  composites.  With  the  extensive  research  now  on-going 
relative  to  metal-matrix  composites,  especially  very  high  temperature 
composites,  novel  methods  are  emerging2®'29  for  production  of  low 
cost  foils  as  well  as  low  cost  methods  of  coating  fibers  directly. 

The  viability  of  many  advanced  engines  and  airframe  structures  seems 
to  be  intimately  linked  to  development  of  these  advanced  composites. 

All  things  considered,  the  next  four  years  appear  to  be  shaping  up  as  a 
period  of  adjustment  to  the  recent  changes,  highlighted  by  progress 
resulting  from  the  changes. 
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Estimating  Domestic  Titanium  Requirements 


For  the  90’s 


Richard  L.  Fisher 
RMI  Titanium  Company 
1000  Warren  Avenue,  Niles,  Ohio,  'JSA 

Abstract 

The  U.S.  Bureau  of  Mines  publishes  quarterly  reviews  of  production  statistics  for 
titanium.  Data  obtained  from  this  Mineral  Industry  Survey  has  been  compiled  into  a 
titanium  raw  materials  model.  This  model  is  based  upon  data  developed  over  the  past 
three  decades.  Mill  shape  production  rates  are  used  to  estimate  end  product  and 
scrap  generation  rates.  Average  market  growth  rates  were  computed  using  five  year 
increments.  Future  market  growth  rate  has  been  estimated  by  regression  analysis  of 
this  data.  Comparisons  are  made  between  anticipated  sponge  metal  needs  and 
installed  sponge  capacity.  Trends  in  scrap  inventory  levels  are  predicted  from  the 
model.  This  paper  discusses  the  development  of  this  model  at  RMI  Titanium  Company 
and  presents  one  potential  market  growth  scenario  based  upon  a  historical  market 
growth  estimate. 

Introduction 

Commercial  titanium  production  began  in  1948.  Demand  for  products  manufactured 
from  titanium  has  been  cyclic  and  varies  in  a  cycle  approximately  ten  years  in  length. 

The  greatest  demand  for  titanium  is  in  aerospace  applications.  Alloys  of  the  metal  are 
particularly  well  suited  for  use  in  the  engines  and  airframes  of  modem  jet  aircraft. 
Periodic  increases  in  the  demand  for  titanium  have  occurred  during  the  build  up  of 
commercial  airliner  fleets  and  acquisition  of  large  numbers  of  modem  jet  aircraft  by  the 
military.  A  second  major  market  area  makes  use  of  titanium’s  excellent  corrosion 
resistance  in  a  variety  of  industrial  applications. 

Demand  for  titanium  for  Industrial  applications  has  Increased  steadily  since  1 965  when 
this  market  area  experienced  rapid  growth  from  a  base  level  of  about  three-quarters 
of  a  million  pounds  per  year.  Since  1967,  industrial  markets  have  shown  an  average 
growth  rate  of  about  2.6%  per  year.  Two  significant  'accelerated'  demand  cycles 
occurred  as  a  result  of  shortages  which  occurred  during  the  late  1970's  and  1980's. 
These  'growth  spikes*  both  occurred  when  large  demands  in  aerospace  markets 
triggered  raw  materials  shortages  and  extended  delivery  times  for  mill  product  shapes. 
Expansions  of  sponge  production  capacity  during  the  late  70’s  and  80’s  satisfied  these 
short  term  raw  materials  requirements. 
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The  U.S.  Bureau  of  Mines  has  published  an  excellent  review  covering  distribution  of 
titanium  raw  materials,  ingot,  mill  products  and  scrap  for  the  1960's.(1)  This  review 
contains  production  and  inventory  statistics  compiled  from  reports  issued  quarterly  by 
the  U.S.  Department  of  Commerce.(2)  A  study  detailing  scrap  utilization  in  titanium 
production  was  contained  in  a  report  published  In  1975.  (3) 

Similar  data  summaries  covering  periods  from  1978  trough  1991  were  published  by 
the  Bureau  of  Mines  and  complied  by  the  Titanium  Development  Association  (TDA). 
(4)  Data  estimating  titanium  utilization  (buy  to  fly  ratios)  for  aerospace  applications  was 
obtained  from  a  study  published  in  1983  for  the  Federal  Emergency  Management 
Agency.  (5) 

In  1985,  data  from  all  available  sources  was  compiled  into  a  computer  model  which 
was  used  to  track  and  predict  changes  In  domestic  scrap  supplies.  (6)  The  original 
Bureau  of  Mines  tabular  model  was  used  as  a  basis  to  upgrade  the  original  scrap 
model  to  reflect  current  market  distributions.  In  early  1991 ,  this  model  was  modified 
to  provide  capabilities  for  estimating  market  trends,  raw  materials  needs,  and  scrap 
inventories.  The  model  can  be  used  to  estimate  mill  products  requirements  and  raw 
materials  needs  for  a  range  of  aerospace  and  industrial  market  growth  assumptions. 


Development  of  the  Model 


The  RMI  Titanium  Company  raw  materials  model  was  based  upon  a  titanium  scrap 
flow  diagram  developed  in  1975.  A  tabular  summary  of  data  covering  the  period  from 
1960  through  1969  is  included  as  Table  I.  This  summary  provides  an  excellent  review 
of  production  data,  but  does  not  include  scrap  Inventory  data  for  the  period. 

Information  compiled  by  the  TDA  was  used  to  expand  this  tabulation  to  include  data 
for  the  period  from  1978  to  1984.  (2)  Other  sources  were  used  to  develop  data  for 
periods  between  1970  and  1977.  Data  published  by  the  Bureau  of  Mines  in  reviews 
are  annualized  and  posted  into  the  model  quarterly.  (4) 

Lag  times  were  built  into  the  model  to  account  for  shipping  and  conversion  schedules. 
Mill  products  shipped  In  1983  are  assumed  to  be  converted  into  final  products  and 
scrap  during  1984.  In  the  original  version  of  the  model,  predictions  of  scrap  usage 
were  estimated  from  five  year  running  averages  of  historical  data.  Similar  techniques 
were  used  to  generate  estimates  for  imports  and  exports.  Prediction  of  future  mill 
product  needs  were  based  upon  marketing  estimates. 

Additional  categories  have  been  added  to  the  original  Bureau  of  Mines  data  table  to 
handle  more  input  and  recycle  loops.  Discrete  categories  were  added  for  sponge 
capacity,  sponge  imports,  scrap  import  and  export  data  and  scrap  recycle  to  the 
system  from  used  end  products.  Conversion  ratios  for  mill  products  are  estimated  from 
a  ratio  of  aerospace  to  Industrial  markets.  The  original  model  was  useful  for  predicting 
trend  changes  in  scrap  Inventory,  either  Increases  or  decreases  in  level.  See  Figure 
1.  Changes  in  scrap  inventories  could  be  directly  associated  with  future  scrap 
availability,  price  and  sponge  production  needs. 
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Improvement  of  the  Model 


In  late  1990,  an  Internal  review  of  domestic  scrap  markets  was  completed.  (6)  This 
review  showed  that  scrap  Inventories  would  begin  increasing  during  1991.  The  study 
also  indicated  that  a  market  turndown  might  occur  during  the  next  year.  See  Figure  3. 
Since  industry  market  estimates  for  1991  showed  continuing  high  demand,  the 
significance  of  this  trend  was  not  realized.  The  unusual  results  were  inconsistent  with 
accepted  market  projections.  The  model  was  expanded  to  Indude  better  forecasting 
capabilities  for  mill  product  market  needs.  Data  was  obtained  for  historical  market 
growth  for  the  period  from  1960  through  1990.  This  data  was  averaged  in  five  year 
intervals. 

These  averages  were  evaluated  statistically  to  generate  a  best  fit  equation.  This 
equation  was  logarithmic  and  of  the  form: 

y  =  0.38247  -  0.1040794  *  Ln  (x)  (1) 

where  x  equals  the  time  Increment  in  years  from  a  base  year,  1960.  This  equation  is 
shown  graphically  In  figure  2  together  with  the  actual  data  points. 

Evaluation  of  historical  market  growth  data  by  strict  mathematical  methods  Infers  that 
traditional  markets  have  matured.  Periodic  spikes  in  demand  have  been  the  result  of 
high  growth  rates  caused  by  short  term  demand  for  military  aircraft  and  wide  bodied 
commercial  jets.  An  average  market  growth  rate  for  the  1990’s  estimated  from 
historical  growth  rates  is  estimated  to  be  1.43%. 
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Figure  2:  Historical  Titanium  Market  Growth  Rate  Curve 
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The  raw  materials  model  was  updated  In  earty  1991  during  an  economic  study  of  scrap 
usage  and  availability.  The  model  predicted  the  domestic  mill  products  market, 
including  castings,  would  be  approximately  36.5  million  pounds  in  1991 .  Data  from  this 
evaluation  is  shown  graphically  in  Figure  3. 

Figure  3  -  Raw  Materials  Model  Estimates,  February  1991 
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This  estimate  was  based  upon  a  titanium  market  growth  rate  of  3.0%  for  the  1990’s. 
This  value  was  consistent  with  average  growth  rates  during  the  1980  era.  The  goal 


2,243 


of  the  study  was  to  estimate  scrap  availability  rather  than  to  predict  mill  product 
shipments  during  1991 .  Therefore,  little  significance  was  given  to  the  market  estimate 
until  later  in  the  year  when  the  mill  products  markets  deteriorated.  It  was  recognized 
that  the  raw  materials  model  had  predictive  power  and  could  be  used  to  estimate  future 
raw  materials  needs  for  various  market  growth  assumptions. 

Market  data  for  the  period  between  1960  and  1991  was  separated  Into  the  discrete 
market  areas  of  commercial  aviation,  military  aviation  and  industrial  applications. 
These  markets  areas  were  adjusted  by  applying  Individual  growth  rates.  Growth  was 
adjusted  to  the  average  1.43%  value  obtained  from  statistical  evaluation  of  historical 
growth  data.  These  major  market  areas  were  adjusted  as  shown  in  Table  II. 


Table  II  -  Assumed  Growth  Rates  for  Titanium  Markets 
Historical  Statistical  Evaluation 


Market 

Area 

Share 

% 

Growth 

% 

Commercial  Aerospace 

59% 

2.00% 

Military  Aerospace 

18% 

-1.30% 

Industrial  Applications 

24% 

2.05% 

Weighted  Average 

1.43% 

These  values  were  then  used  In  the  model  to  estimate  titanium  requirements  for  the 
decade  ending  in  the  year  2000.  Sponge  requirements  and  scrap  inputs  were 
computed  based  upon  estimated  final  product  needs.  Atabular  summary  of  this  model 
is  included  as  Table  III.  These  results  are  shown  graphically  in  Figure  4. 

Figure  4  -  Mill  Products  Estimate  for  the  1990's  with  Derived  Growth  Rate 
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Conclusions 


Titanium  market  growth  rates  can  be  estimated  from  an  evaluation  of  historical  data. 
Evaluations  indicate  that  traditional  markets  have  matured  and  the  rate  of  market 
growth  In  these  areas  will  continue  to  decrease  during  the  next  decade.  Reductions 
in  military  aerospace  spending  and  a  severe  economic  recession  caused  an  abrupt 
drop  in  demand  for  titanium  In  1991. 

Use  of  industry  indicators  such  as  inventories,  backlogs,  and  estimated  market  growth 
rates  permit  estimations  of  raw  materials  needs  to  be  made.  Evaluation  from  this 
model  indicate  that  the  domestic  industry  can  support  a  scrap  recycle  level  up  to  about 
43  percent  of  ingot  production.  United  States  sponge  capacity  appears  to  be  adequate 
to  supply  estimated  domestic  market  needs  through  the  late  1990’s. 

Future  increases  in  market  growth  rate  depend  upon  the  development  of  new  uses  for 
titanium.  This  growth  potential  is  most  likely  in  industrial  applications.  Moderate 
growth  in  this  area  will  not  drastically  Impact  future  mill  products  needs.  Conversion 
yield  for  mill  shapes  into  end  products  is  high  for  most  industrial  applications.  Since 
market  growth  is  really  In  end  products,  mill  shape  needs  will  grow  more  slowly  for 
industrial  uses  than  for  aerospace  or  defense  applications. 

Raw  materials  models  are  easily  modified  to  reflect  any  projected  market  growth  rate 
estimate.  A  model  of  this  type  provides  a  convenient  tool  for  predicting  raw  materials 
needs  and  for  forecasting  market  trends. 
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ABSTRACT 

The  dissolution  of  ilmenite  in  sulfuric  acid-thiourea  solu¬ 
tions  has  been  examined  experimentally  under  controlled  acid  con 
centration,  particle  size  and  temperature  conditions.  The  tempe¬ 
rature  range  of  the  experiments  was  303  -  353  K.  The  reaction  — 
system  was  analyzed  under  acid  concentration  of  0.1,  0.5,  1.0  — 
and  2.0  N.  Particle  size  varied  between  38  and  250  microns.  Expe 
riments  have  shown  that  the  rate  of  dissolution  increased  with  - 
increasing  temperature,  acid  concentration  and  specific  ore  sur¬ 
face.  The  arrhenius  activation  energy  was  found  to  be  32.3  KJ  — 
per  mole.  The  experimental  work  has  shown  that  the  addition  of  - 
thiourea  in  the  leachant  increases,  markedly,  the  recovery  of  ti 
tanium  and  the  rate  of  ilmenite  dissolution  as  compared  with  su_l 
furic  acid-ilmenite  leaching  systems. 
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INTRODUCTION 


Ilmenite  is  an  important  source  of  titanium  in  the  world  — 
which  can  be  treated  for  metal  extraction  and  for  pigmento  too. 
Extensive  studies  on  the  dissolution  of  ilmenite  in  acid  media  - 
have  been  conducted  to  determine  the  behaviour  of  leaching  sys — 
terns.  In  general,  experimental  results  have  shown  that  the  rate- 
of  ilmenite  dissolution  in  acid  media  is  increased  with  increa — 
sing  acid  concentration  and  temperature 

It  has  been  observed  that  the  reactivity  of  ilmenite  in  sulfuric 
acid  media  increases  as  the  natural  weathering  of  the  ore  is  in¬ 
creased  (1)  .  Experimental  results  have  shown  that  the  rate  of  - 
ilmenite  dissolution  in  sulfuric  acid  and  hydrochloric  acid  is  - 
strongly  affected  when  acid  concentration  increases  from  0.03  to 
1.0  M  and  temperature  increases  from  313  to  363  K  (2)  . 

It  was  observed  the  dissolution  behaviour  of  ilmenite  in  sulfuric 
acid  leachants  where  acid  concentration  varied  between  4.7  to  — 
12.5  M  and  temperature  was  varied  in  the  range  338  to  358  K  (3); 
it  was  pointed  out  that  the  reaction  was  indicated  to  be  contro- 
led  by  a  chemical  process  at  the  mineral  surface. 

The  effect  of  temperature,  particle  size,  stirring  speed  and  a — 
cid  concentration  on  the  rate  of  dissolution  of  ilmenite  in  sul¬ 
furic  acid  media  was  studied  (4);  it  has  been  found  that  the  — 
leaching  of  ilmenite  at  temperature  between  361  and  388  K  is  des 
cribed  by  a  surface  chemical  reaction  limiting. 


(5);  the  kinetic  data  of  the  leaching  of  ilmenite-hematite  has  - 
been  explained  in  terms  of  a  complex  geometrical  relationship. 
The  leaching  of  powdered  ilmenite  ore  with  highly  concentrated  - 
hydrochloric  acid  was  studied  (6),  where  acid  concentration  was- 
varied  between  11.3  to  11.6  M,  over  the  temperature  range  303  to 
333K.  At  temperature  of  303  to  323  K,  the  leaching  of  ilmenite  - 
has  been  explained  in  terms  of  a  surface  chemical  reaction.  At  - 
temperatures  of  323  to  333  K,  the  rates  were  limited  by  difu— - 
ssion  of  dissolved  metal  ions  through  a  residual  layer  of  the  — 
ore. 


Leaching  of  ilmenite  was  studied  at  temperatures  between  323  to- 
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353  K  in  hydrochloric  solutions  (7) ;  it  was  found  that  the  rate- 
of  dissolution  was  initially  rapid,  then  declined,  apparently  — 
due  to  the  polymerization  and  transport  of  dissolved  titanium  ~ 
within  the  porous  solid. 

The  present  experimental  work  has  been  intented  to  study  the  e — 
ffect  of  addition  of  thiourea  in  the  dissolution  behaviour  of  i]. 
menite  in  sulfuric  acid  media. 


EXPERIMENTAL 

Materials. 

the  ilmenite  sand  used  in  this  study  was  obtained  from  the  Mi - 

choacSn  shore  (Mexico).  This  sand  has  11.5  wt  %  of  TiC^.  The  che 
micals  used  in  this  work  are  of  analytical  grade. 

Apparatus  and  Procedure. 

Sand  particles  less  than  38  microns  were  prepared  by  grinding  of 
the  original  sand.  The  experiments  were  carried  out  in  a  glass  - 
reactor  in  a  cosnstant  temperature  bath.  The  glass  reactor  was  - 
sealed  from  the  atmosphere  by  means  of  a  glass  cover  which  had  - 
four  openings  in  order  to  fit  a  vapour  condenser,  an  air  lance, - 
a  thermometer  and  a  sampling  tube. 

Leaching  experiments  were  conducted  in  the  temperature  range  303 
to  353  K. 

The  glass  reactor  was  filled  with  500  ml  of  sulfuric  acid-  thi¬ 
ourea  solution,  with  the  desired  acid  concentration,  and  heated- 
until  the  experimental  temperature  was  reached;  at  this  point  2- 
grams  of  ilmenite  sand  were  added  into  the  reaction  system  and  - 
the  experiment  began.  Leaching  solutions  contained  10  grams  of  - 
thiourea  per  liter. 

The  kinetics  of  the  experiment  was  followed  by  taking  samples  of 
5  ml  from  the  experimental  solution  at  given  periods  of  time. 
Experimental  samples  were  analized  in  tridicate  by  both  X-Ray  - 
fluorescence  analysis  (KEVEX  7000-77)  and  atomic  absorption  spec: 
trometry  (Perkin-Elmer) .  Leaching  solid  residues  were  examined  - 
by  X-Ray  diffraction  techniques  (Philips) . 


RESULTS  AND  CONCLUSIONS. 

The  dissolution  of  ilmenite  in  sulfuric  acid  has  been  represen — 
ted  as  the  equation: 

FeTiOj  +  4H+  -  Ti+20  +  Fe+2+  2  HjO  (1) 

and  the  oxidation  of  the  ferrous  specie, 

Fe+2+  H%  |  02  ■  Fe+3  +  J  H.,0  (2) 

Thiourea  has  been  used  for  metal  extraction  in  the  leaching  of  - 
some  materials,  to  produce  a  metal-thiourea  specie  in  solution  - 
in  acid  media  (8-10).  Thus,  the  addition  of  thiourea  in  the  pre¬ 
sent  reaction  system  can  be  represented  as  follows: 

Fe  Ti  03  +  2  SC  (NH2)2  +  (  H+  »  Ti  0  (SC  (NH2)2>+1  +  Fe+3+  2H20  (3) 

Which  indicates  that  the  increase  in  acid  concentration  will  in¬ 
crease  the  amount  of  titanium  in  solution. 

Figure  1  shows  the  fraction  of  leached  titanium  plotted  as  a  - 

function  of  the  experimental  time.  As  it  can  be  noted,  dissolu¬ 
tion  rate  increases  clearly  as  the  concentration  of  sulfuric  a — 
cid  is  increased. 

Figures  2(a)  and  2(b),  shows  the  rate  of  reaction  for  the  ilmeni 
te  dissolution  plotted  as  a  function  the  acid  concentration.  The 
experimental  data  have  shown  that  the  dissolution  rate  of  ilmeni 

te  in  sulfuric  acid-thiourea  media  follows  an  exponential  pa - 

ttern  with  respect  to  the  change  in  the  acid  concentration.  It  - 
can  be  seen  that  the  rate  of  dissolution  remains  in  a  relative  - 
low  value  when  acid  concentration  is  low,  however  when  acid  con¬ 
centration  increases  the  rate  of  reaction  for  the  ilmenite  disso 
lution  increases  suddenly;  this  behaviour  is  more  evident  as  tern 
perature  increases. 

The  reaction  rate  for  the  ilmenite  dissolution  under  the  present 

experimental  conditions  can  be  expresed  as  follows: 

T  -  353  K:  LnK  -  2.5  C  -  1.03  .  . 

T  *  323  K:  LnK  *  2.8  C  -  4.35  ,4' 

The  most  important  feature  in  the  present  experimental  results  - 
is  that  the  addition  of  thiourea  in  the  leaching  solution  re¬ 
sults  in  an  increase  in  the  ilmenite  dissolution  rate  and  high  - 
titanium  recovery  in  solution  compared  with  ilmenite  leaching  — 
systems  in  sulfuric  acid  solution  (4) ;  this  effect  is  shown  in  - 
Figure  3. 


Effect  of  Particle  Size. 

The  effect  of  particle  size  on  the  rate  of  dissolution  of  ilraeni 
te  in  sulfuric  acid  thiourea  solution  was  analized  at  353  K  and- 
sulfuric  acid  concentration  2.0  N.  Figure  4  shows  the  experimen¬ 
tal  results  for  five  different  ilmenite  particle  size,  38,  100,- 
127,  166  and  250  microns  used  here.  It  can  be  seen  that  the  rate 
of  dissolution  of  ilmenite  in  the  present  experimental  solutions 
is  affected  by  size  of  the  particles.  The  recovery  of  titanium  - 
in  solution  and  the  rate  of  dissolution  of  ilmenite  increase  as- 
particle  size  decreases.  Figure  5  shows  the  rate  constant  of  lea 

ching  plotted  as  a  function  of  particle  size;  it  can  be  seen  - 

that  there  is  an  exponential  behaviour  of  the  reaction  system. 
This  fact  is  in  according  with  the  increase  of  the  specific  area 
of  the  mineral. 
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Fig.1.-  Effect  of  acid  concentration  on  the  mole 
fraction  of  leached  titanium  at  323  and  353  K 
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Effect  of  Temperature. 

Ilmenite  particles,  38  microns  were  leached  in  sulfuric  acid  - 

thiourea  solutions,  H2S04  2.0  N,  at  303,  313,  323,  333,  343  and- 
353  K.  It  has  been  observed  that  the  dissolution  of  ilmenite  in 
the  present  leaching  system  is  very  much  affected  by  temperature 
as  it  can  be  seen  in  Figure  6,  where  the  fraction  of  dissolved  - 
titanium  is  presented  the  experimental  observations  have  shown  - 
that  the  ilmenite  rate  of  dissolution  increases  very  markedly  as 
the  experimental  temperature  is  increased. 

The  leaching  results  obtained  for  six  different  temperature  are- 
plotted  in  Figure  7  as  the  Arrhenius  relationship;  the  apparent- 
activation  energy  value  of  32:2  KJ  per  mole  was  calculated. 

CONCLUSIONS. 

The  leaching  of  ilmenite  sands  in  sulfuric  acid  media  containing 
additions  of  thiourea  has  been  experimentally  analized  in  terms- 
of  the  effect  of  sulfuric  acid  concentration,  particle  size  and- 
temperature.  The  following  conclusions  can  be  derived  based  on  - 
the  experimental  results. 

1.  The  rate  of  dissolution  of  ilmenite  in  the  experimental  lea — 
chants  increases  as  temperature  and  acid  concentration  increa 
se  and  as  particle  size  decreases. 

2.  The  apparent  activation  energy  is  32.2  KJ  per  mole. 

3.  The  rate  of  dissolution  of  ilmenite  in  sulfuric  acid-thiou-- 
rea  solutions  is  higher  than  the  dissolution  rate  of  ilmeni¬ 
te  in  sulfuric  acid  solutions,  as  it  has  been  compared  with- 
recent  experimental  data. 
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ABSTRACT 

The  computed  temperature  profiles  which  exist  in  the  feed  material  and  liquid  metal  pools  during 
Vacuum  Arc  Rcmclting  (VAR),  Electron  Beam  (EB)  and  Plasma  Arc  (PA)  melting  indicate  that,  for  the  ma¬ 
jority  of  cases,  the  removal  of  both  HID  and  HDI  material  (including  alloy  additions)  is  a  diffusion/solution 
process.  The  rates  of  these  processes  depend  critically  on  the  process,  and  on  the  dissolving  component.  The 
practical  aspects  of  process  operation  in  regard  to  defect-free  material  are  discussed  particularly  as  the  proce¬ 
dures  relate  to  the  thermal  regime.  We  conclude  that  defect-free  alloys  are  a  realistic  aim  and  that  the  observed 
dissolution  rates,  combined  with  buoyancy  mechansims  require  hearth  melting  for  full  defect  removal. 

INTRODUCTION 

Titanium  alloys  do  not  contain  inclusions  from  the  same  mechanisms  as  those  found  in  steels  or  su¬ 
peralloys,  since  the  requisite  thermochemical  conditions  for  their  precipitation  do  not  exist.  The  term 
"inclusion"  in  the  context  of  titanium  refers  instead  to  what  in  steel  terminology  would  be  an  exogenous  in¬ 
clusion,  (i.e„  a  particle  which  has  been  trapped  in  the  melt  by  accidental  interaction  with  an  external  source  of 
contamination).  Although  titanium  alloys  have  the  reputation  of  being  excellent  solvents  for  almost  any  mate¬ 
rial,  the  solution  processes  take  a  finite  time.  Should  this  time  be  less  than  the  process  time  at  high  tempera¬ 
ture,  the  particle  will  survive  to  become  a  potential  source  of  concern  in  the  mechanical  behaviour  of  the  alloy 

in  service.  In  practice,  the  inclusions  which  we  observe 
fall  into  two  categories; 

•  "High  Interstitial  Defects"  (HID) 

•  "High  Density  Inclusions"  (HDI) 

We  will  consider  these  two  categories  sepa¬ 
rately  in  the  discussion  below. 

High  Interstitial  Defects 

At  a  relatively  early  stage  in  the  progress  of  ti¬ 
tanium  use  it  was  observed  that  the  material  could 
contain  small  areas  of  alpha-stabilized  alloy,  usually 
associated  with  cracks  or  porosity  and  with  a  hardness 
considerably  in  excess  of  the  bulk  material  or  the  al¬ 
pha-phase  of  the  bulk  alloy.  Subsequent  analysis  of 
these  areas  showed  that  they  contained  high  contents  of 
nitrogen,  oxygen  and  carbon  in  various  combina- 
tions(l,2,3).  In  the  time  frame  of  that  work,  it  was 
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concluded  that  the  origin  of  the  panicles  was  in  contaminated  titanium  sponge.  Subsequent  studies  have  shown 
that  the  panicles  may  come  from  many  sources(4)  including  recycled  scrap  and  the  melting  process  itself 
Further  studies(S)  have  also  shown  that  the  VAR  process  has  only  a  limited  capacity  for  dissolving  the 
panicles,  partly  because  of  the  inherent  dissolution  rate  and  partly  because  of  the  finite  risk  of  a  panicle  path 
"sh  on -circuiting"  the  process  whilst  trapped  in  a  convective  flow.  The  panicles  have  various  physical  forms 
depending  on  their  origin  but  generally  are  of  the  form  shown  in  Figure  !.,  with  dimensions  ranging  between  1 
and  SO  mm  depending  on  the  degree  of  deformation  dunng  working. 

The  dissolution  process  for  the  particles  in  liquid  titanium  alloys  has  been  studied  by  several  work- 
ers(5.6,7)  all  of  whom  comment  on  the  fact  that  it  is  a  diffusion  controlled  process  since  the  mclung  point  of 
the  panicles  is  above  the  process  temperature  for  almost  all  of  the  exposure  in  VAR.  The  diffusion  process  is 
evidently  quite  complicated  since  the  particles  can  lose  or  gain  alloy  elements  at  the  same  time  as  the  dissolu¬ 
tion  process  is  proceeding;  a  factor  that  greatly  complicates  the  identification  of  their  origin.  The  dissolution 
process  is  found  to  follow  the  expected  Arrhenius  relationship  for  thermal  activation,  leading  to  a  strong  tem¬ 
perature  dependence  of  the  dissolution  rate  Clearly  a  major  factor  in  the  survival  of  the  particles  in  VAR  is 
that  the  ingot  pool  in  the  process  contains  very  little  superheat  and  the  exposure  lime  of  the  particle  to  high 
temperature  can  be  quite  limited. 

The  rate  of  dissolution  is  difficult  to  measure  with  any  accuracy  since  the  experiment  necessarily  re¬ 
quires  a  definition  of  the  composition  and  physical  form  of  the  particle.  In  this  and  previous  work  the  dissolv¬ 
ing  particle  has  been  assumed  to  be  equivalent  to  the  "burnt  sponge"  composition,  made  synthetically  by 
minding  sponge  under  controlled  conditions  There  is  indirect  evidence  from  production  tnals  that  panicles 
that  contain  higher  contents  of  oxygen  than  the  synthetic  burnt  sponge  dissolve  faster  than  the  high  nitrogen 
panicles,  which  would  also  be  in  agreement  with  the  relation  between  the  Ti  -  N  and  Ti  -  O  phase  diagrams.  If 
this  is  the  case  then  the  dissolution  rates  used  in  these  studies  represent  worse  case  rates. 

The  experimental  results  which  have  been  obtained  by  dissolution  studies  of  pure,  monolithic  TiN  ap¬ 
pear  to  give  approximately  the  same  dissolution  rates  as  have  been  observed  for  amficially-nitnded  sponge 
pamcles(6).  and  which  correlate  well  with  the  assumption  that  it  is  a  diffusion-controlled  process  in  which  the 
panicle  rapidly  becomes  isothermal  with  the  surrounding  titanium  alloy  and  subsequently  dissolves  by  the  dif¬ 
fusion  of  nitrogen  into  the  bulk  alloy.  The  contents  of  nitrogen  in  typical  HID  material  seldom  exceed  8wt%. 
but  since  the  addition  of  even  small  amounts  of  nitrogen  to  titanium  causes  a  substantial  increase  in  the 
melting  point,  it  is  unlikely  that  any  HID  composition  will  nelt  in  the  VAR  ingot  pool  and  hence  all  of  the 
panicles  will  be  removed  by  dissolution,  rather  than  by  melting.  It  is  also  worthy  of  note  that  in  the  case  of 
HID  (and  also  of  HDD  the  contribution  of  the  dissolved  elements  from  the  inclusion  matenal  to  the  bulk 

analysis  is  extremely  small  and  we 
cannot,  therefore,  obtain  useful  in¬ 
formation  about  the  dissolution  proc¬ 
ess  from  the  bulk  analyses  of  the 
alloy  before  and  after  melting. 

High  Density  Inclusions 

The  most  common  sources  of 
high  density  inclusions  arise  in  con¬ 
taminated  scrap  and  arc  predomi¬ 
nantly  chips  from  tool  bits  used  in 
machining  parts  or  ingots  Modem 
methods  of  scrap  preparation  and 
inspection  have  csscnually  eliminated 
this  problem  in  premium  grade  tita¬ 
nium  alloys,  but  the  problem  is  still  of 
general  interest  in  the  manufacture  of 
CP  titanium  where  the  scrap  prepara¬ 
tion  and  also  the  melung  methods 
may  not  be  as  rigorous  as  those 
applied  in  the  aerospace  industry  The 
most  general  types  of  HDI  material 
which  arc  found  are  tool-bits  consist¬ 
ing  of  Co- bonded  WC,  or  monolithic 
WC.  and  also  welding  electrode  ups 
consisung  of  W  with  some  small 
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Figure  2B  :  Ti  X  Ray  Map  of  HDI  Shown  in  Figure  2A 


addition  of  thona.  The  latter  material 
behaves  in  the  same  way  as  the  case 
of  Nb  considered  below,  but  the  dis¬ 
solution  of  the  tool  bits  is  an  interest¬ 
ing  process  involving  both  diffusion 
and  dissolution  The  panic le/alloy 
boundary  has  the  form  shown  in 
Figure  2  during  the  dissolution  step, 
in  which  we  can  see  two  distinct  lay¬ 
ers  between  the  bonded  WC  and  the 
liquid  alloy  These  layers  correspond 
to  the  phases  that  are  to  be  expected 
from  the  system  Ti-W-C(8),  namely 
TiC(s)  ♦  Ti-W(l)  alloy  and  a  Ti-C- 
W(l)  alloy  In  the  case  of  the  cobalt 
bonded  structure,  the  Co  bond  is  re¬ 
placed  very  quickly  at  the  start  of  the 
parucle-alloy  contact,  by  liquid  Ti 
alloy.  After  less  than  60  seconds  of 
contact  time  at  1800  C  there  was  no 
detectable  Co  content  in  a  Co  bonded 
tool-bit  of  Imm  cube  dimensions  The 
carbide  bonding  process  involves 
sufficient  particle  particle  contact  that 
the  structure  remains  intact  even  after 
the  extraction  of  the  infiltrated  cobalt, 
and  the  dissolution  process  in  the  liq¬ 
uid  alloy  consists  of  the  diffusion 
reactions  of  the  multilayer  structure 
shown  in  Figure  2.  Experimentally, 
the  dissolution  rate  of  Co- bonded  WC 
at  1700  C  was  found  to  be  in  the 
range  0.03  -  0.05  g  cm'Mnin  *  Since 
the  available  time  at  high  temperature 
in  the  ingot  pool  is  very  small  (the 
I  mm  cube  falling  in  the  centre  would 
reach  the  liquidus  of  a  typical 
800  mm  dia  CPTi  ingot  in  I  sec),  the 
HDI  particles  arc  seldom  changed 
significantly  by  the  melung  process, 
and  their  absence  in  the  final  product 
can  only  be  assured  by  raw  matcnal 
preparation  and/or  hearth  melting 

A  general  problem  still 
remains  in  relation  to  the  dissolution 
processes  which  are  required  in  the 
formation  of  an  alloy  containing  high 
density,  high  melung -point  elements. 
With  the  advent  of  more  alloys  in  this 
category,  particularly  the  beta-alloys, 
this  problem  will  become  more  acute 
The  technique  which  has  been  used 
successfully  for  many  years  for  in¬ 
troducing  alloy  elements  such  as  Mo  or  V  is  that  of  first  forming  a  master  alloy  with  aluminium  through 
various  types  of  aluminothcrmic  reduction  This  method  is  entirely  satisfactory  for  those  alloys  in  which  we 
can  tolerate  the  necessary  levels  of  A1  (i.e.  the  alloys  with  significant  alpha  fracuon)  It  is  however  not 
possible  to  use  it  for  the  beta-  or  near-beta  alloys.  In  this  latter  case  we  have  a  very  significant  pracucal  diffi¬ 
culty  to  dissolve  the  alloy  elements  and  to  homogenize  the  alloy  during  melung.  (It  should  be  noted  that  solid- 


Figure  2C  :  W  X-Ray  Map  of  HDI  Shown  in  Figure  2A 
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diffusion  processes  would  require  unreasonably  long  times  at  high  temperature  to  provide  the  homog¬ 
enization  of  any  of  the  inclusion  types  studied.) 


Although  the  practical  aspects  of  this  problem  have  been  known  for  some  time,  the  dissolution  rates 
have  not  been  studied.  However,  if  we  assume  that  the  particle  would  have  only  a  very  small  relative  velocity 
in  the  liquid,  we  may  estimate  the  dissolution  rates  from  a  simple  diffusion  calculation  (Appendix  1).  The  re¬ 
sult  demonstrates  clearly  the  practical  difficulty  of  making  such  an  alloy,  since  the  diffusion  times  required  are 
well  beyond  the  capability  of  a  single  VAR  melt.  We  also  see  that  this  process  is  temperature  sensitive,  as 
would  be  expected,  and  that  from  the  point  of  view  of  accelerating  the  dissolution  process  elevated  tempera¬ 
ture  is  more  effective  than  extended  time  In  the  following  xvork  we  have  chosen  the  example  of  Nb  to  illus¬ 
trate  the  solution  process  as  it  applies  to  the  VAR  system  Figure  3  illustrates  two  cases  of  melting  conditions 
for  Nb  50  wt%  Ti  alloy,  in  which  Nb  particles  in  the  electrode  were  observed  to  be  in  the  one  case  preserved 
and  in  the  other  case  to  be  dissolved 
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Figure  3  :  Computed  Pool  Profiles  of  Niobium  Titanium  Ingots  Melted  Using  the  VAR  Process  Ingot 
Diameter  is  S2  cm.  In  (A)  the  Melt  Rate  was  6  kg/mm  and  Particles  1000  pm  in  Diameter  Were  Dissolved.  In 
(B)  the  Melt  Rate  was  2.8  kg/min  and  the  Particles  Survived. 


Stoke  s  Law  was  used  to  calculate  the  times  taken  for  a  1000  pm  panicle  to  fall  to  the  Itquidus  In  the 
case  of  ingot  2  (Figure  3B).  in  which  the  particles  survived,  a  panicle  would  have  take  0.63  seconds  to  settle 
through  a  stagnant  liquid.  In  ingot  1  (Figure  3A).  where  no  niobium  panicles  were  found,  a  similar  particle 
takes  almost  0.9  seconds  to  do  the  same  According  to  Appendix  1.  neither  of  these  umes  allow  for  the  com¬ 
plete  dissolution  of  a  niobium  particle  at  the  temperatures  indicated  in  Figure  3.  Consequently  some  factor 
associated  with  the  higher  melt  rate  and  the  higher  temperatures  present  in  ingot  one  must  explain  the  removal 
of  niobium  panicles  from  that  ingot. 


OISCUSSIQM 

The  removal  of  HID  from  the  melung  system  rests  on  two  essential  features;  the  elimination  of  "shon 
-  circuit'  paths,  and  the  application  of  a  sufficient  time/temperature  parameter  for  dissolution.  As  has  been 
pointed  out  in  the  literature,  a  fundamental  weakness  of  the  VAR  system  is  the  intnnsic  presence  of  a  direct 
link  from  the  electrode  to  the  ingot  pool,  leading  to  the  conclusion  that  VAR  will  not  be  able  to  provide  the  in- 
pnnciple  guarantee  of  HID  removal.  It  is  this  factor  which  has  lead  to  the  advent  of  hearth  melting,  either  by 
electron  beam  or  plasma,  but  even  in  these  processes  it  is  still  necessary  to  pay  detailed  attention  in  the  furnace 
design  to  the  prevention  of  the  short-circuit  mechanism. 


The  work  detailed  above  offers  an  indication  of  the  lime/temperature  relationship  required  to  dissolve 
HID  and  it  is  notable  that  although  the  ingot  pool  in  the  VAR  process  does  not  provide  a  large  superheated 
volume,  the  droplets  falling  from  the  electrode  may  be  highly  superheated  for  the  short  lime  of  transit  across 
the  arc.  In  this  case,  the  removal  of  HID  would  be  a  function  of  the  electrode  diameter  since  the  current 
density  is  an  inverse  function  of  the  electrode  diameter.  As  a  result  then,  we  would  expect  to  find  a  higher 
occurrence  rate  of  HID  in  larger  ingots,  all  other  factors  being  equal.  We  can  consider  that  the  arc  in  the  VAR 
process  moves  from  point  to  point  on  the  electrode  surface  and  is  located  at  any  one  time  on  the  individual 
cone  of  liquid  metal  which  is  the  precursor  of  droplet  formation.  We  may  calculate  the  temperature  rise  in  the 
local  area  of  the  arc  assuming  this  set  of  conditions,  as  shown  in  Appendix  2,  and  find  that  in  this  case  the 
temperature  will  reach  a  superheat  of  more  than  1000  K  in  the  time  the  arc  will  be  located  on  the  metal  cone, 
as  suggested  by  high-speed  video  recording  of  arc  behaviour(9).  Should  the  metal  cone  contain  an  HID  parti¬ 
cle,  this  superheat  will  not  cause  its  decomposition  to  a  lower  level  of  nitrogen  (Figure  4)  but  will  greatly  de¬ 
crease  the  time  required  for  its  solution  in  the  alloy.  The  fraction  of  metal  which  passes  through  the  process 
postulated  above  is  still  a  matter  for  conjecture,  but  is  highly  unlikely  to  be  100%  of  the  electrode  weight.  The 
arc-superheating  effect  would  therefore  be  a  potential  contributor  the  the  overall  removal  scheme  for  HID,  but 

could  not  be  relied  upon 
for  complete  removal  of 
the  particles. 

A  second  feature 
of  HID  removal  which 
has  not  been  widely 
discussed  in  the  literature 
concerns  the  bulk  density. 
Although  the  inclusions 
are  termed  HID,  the 
density  of  the  high  ni¬ 
trogen  particles  is  greater 
than  the  density  of  the 
equivalent  alloy,  provided 
that  their  porosity  is  low. 
We  can  expect,  therefore, 
in  practice  that  some  of 
the  particles  will  sink  in 
the  alloy,  whilst  others 

i.4u(i  i, non  t.Ktio  J.ooo  2,2<X)  2,4<x>  2, non  2.K0O  t.txx)  3.2txi(*'lh  porosity)  will  float. 

Temperature  (C)  faclor  ntakes  an 

Figure  4  :  Equilibrium  Diagram  for  the  Reaction  TiN(s)  e=>  Ti(l)  +  jN2(g)  S^lLsoIution^timt 
Showing  Regions  of  Particle  Stability  and  Decompostion  extremely  difficult. 

The  dissolution  of  HDI  material  is  clearly  more  simple  to  quantify  than  HID,  since  the  relative 
density  is  such  that  the  particles  will  always  sink  in  the  alloy.  The  solution  rale  can  probably  be  approximated 
quite  satisfactorily  by  the  use  of  a  diffusion  model  operating  isothermally  in  a  situation  with  no  relative 
velocity  between  the  panicle  and  the  bulk  liquid.  We  see  from  the  results  of  this  study  that  quite  long  times  are 
required  for  the  dissolution  process  and  that  it  would,  therefore,  be  of  advantage  to  either  manufacture  master 
alloys  containing  sufficient  Ti  to  accelerate  the  process,  or  to  use  a  primary  process  (such  as  ISM)  which  will 
permit  sufficient  solution  time.  Given  the  uncertainties  of  particle  trajectories  in  the  VAR  pool  it  is  unlikely 
that  even  multiple  VAR  will  consistently  guarantee  zero  HDI  occurrence  in  the  beta  alloys. 


A  common  theme  in  the  above  discussion  of  both  HID  and  HDI  removal  is  the  uncertainty  in  predict¬ 
ing  the  mechanism  in  the  VAR  process  due  to  the  possibility  that  the  particles  can  "short-circuit”  the  process 
so  as  to  have  only  a  very  short  residence  time  in  the  high  temperature  region.  It  has  become  clear  from  com¬ 
mercial  practice  that  whilst  we  can  take  steps  to  minimize  this  possibility,  and  indeed  bring  the  defect  inci¬ 
dence  to  an  extremely  low  level,  there  is  no  variant  of  the  VAR  system  which  will  guarantee  the  complete  re¬ 
moval  of  the  panicles  under  all  circumstances.  Although  this  factor  has  been  the  subject  of  intensive  discus¬ 
sion  in  relation  to  aero-engine  rotating-part  quality  alloys,  it  has  r.ot  been  widely  noted  that  the  problem  is 
equally  pressing  in  the  case  of  heat  exchanger  tubing  for  nuclear  or  desalination  purposes.  The  solution  pro¬ 
posed  for  the  aerospace  case  is  that  of  hearth  melting(9),  which  has  been  developed  to  the  point  at  which  it  has 
become  not  only  a  technical  competitor  for  triple  VAR,  but  also  an  economic  one.  However,  the  need  for  a 
solution  to  the  HID/HDI  problem  in  the  other  applications  indicated  above  wiU  require  the  same  measures 
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leading  to  the  conclusion  that  most  of  the  titanium  melting  technology  will  follow  the  same  route  as  the  more 
specialized  aerospace  alloy  application.  The  behaviour  of  KDI  in  the  hearth  processes  is  quite  well  estab- 
lished(lO)  and  evidently  follows  the  expected  gravity  separation,  since  the  high  negative  buoyancy  forces 
which  wot  Iced  against  the  VAR  process  are  very  advantageous  in  this  case,  the  HDI  particles  being  collected  in 
the  forepart  of  the  hearth  system  in  a  predictably  quantitative  manner.  The  removal  of  HID  by  the  various 
hearth  systems  presently  in  use  has  been  well  established  as  a  practical  result  but  the  precise  mechanisms  of 
removal  are  not  well  defined.  Some  solution  of  HID  certainly  takes  place,  but  the  role  of  additional  mecha¬ 
nisms  such  as  gravity  separation  has  not  been  quantified.  It  is  clear,  however,  that  the  hearth  systems  are  ca¬ 
pable  of  removing  even  high  levels  of  HDI  and  HID  from  contaminated  feed  material  and  should  be  used  in 
preference  to  multiple  VAR  melting  in  all  cases  where  the  absence  of  these  particles  is  essential. 
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APPENDIX  1 

The  dissolution  rate  of  an  isothermal  sphere  of  niobium  in  an  infinite  bath  of  isothermal  titanium  can 
be  calculated  empirically  using  the  empirical  relationships  determined  by  Steinbergeret.  al.(Al). 

The  amount  of  solute  material  diffusing  into  the  bath  is  expressed  as  : 

NNb=kM,(C*Nk-Cr).  (Al) 

where  N^  =  dissolution  molar  flux  of  niobium,  =  the  interfacial  concentration  of  niobium  (i.e.  the 

lit  uidus  concentration)  and  is  the  bulk  concentration  of  niobium  in  the  liquid,  k^  represents  the  mass 
tra  isfer  coefficient. 
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For  convective  miss  transport  of  niobium  from  a  dissolving  sphere  to  the  bulk  of  a  titanium  bath,  the 
correlation  which  includes  both  natural  and  forced  convection  is : 


Sh  =  2  +  0. 0254(Gr  •  Sc)1"  Sc° 144  +  0. 34?(Re  VSc)°“  (A2). 


where  Sh  =  k^d/D^ ,  Gr  =  p^„gAxdVp2 ,  Sc  =  p/p^D^,  and  Re=pTlu^d/p.  The 
velocity  in  the  equation  for  the  Reynolds  number  (Re)  is  given  by  Stoke’s  Law  as 

u*  =gd2(pNb-PT,)/l8p. 

The  diffusion  constant  DN1yTi  is  not  well  known,  nor  is  the  viscosity  p.  For  the  purposes  of  these  cal¬ 
culations,  Df^i  has  been  taken  to  be  2  a  10'^  cm^/sec  and  the  viscosity  has  been  set  to  that  of  liquid  steel  or 
0.064  poise. 

Using  equation  A2,  the  mass  transfer  coefficient  can  be  easily  calculated.  The  mass  flux  from  a  dis¬ 
solving  sphere  is  given  as 


dNat_l  _£ffe_d(d)  _  . 

dt  2  MW*,  dt  *  Nb 


(A3). 


By  suitable  integration  this  equation  can  be  used  to  determine  the  time  for  dissolution  for  particles  of  various 
initial  diameters.  This  can  be  seen  in  Figure  Al. 

In  the  above  formulation,  the  only  parameter  that  varies  with  temperature  is  the  liquidus  concentration 
of  niobium.  The  diffusion  coefficient  and  the  viscosity  p  are  both  assumed  to  be  independent  of  tem¬ 
perature.  This  is  certainly  not  the  case  in  actual  dissolution  where  both  the  diffusion  coefficient  Ltd  the  vis¬ 
cosity  are  likely  to  be  very  strongly  dependent  on  temperature. 

With  these  considerations,  Figure  Al  represents  a  ’worst-case-scenario''.  At  higher  temperatures,  the 
dissolution  rates  are  likely  to  be  much  higher  than  those  indicated  in  figure  Al. 
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Figure  Al  :  Complete  Dissolution  Time  vs  Temperature  for  Niobium  Spheres  Dissolving  in  Liquid 

Titanium. 


APPENDIX  2 

Lei  us  assume  that  a  drop  forming  on  the  surface  of  a  melting  electrode  is  conical  in  shape  with  a  base 
of  0.01S  m  (IS  mm)  in  diameter  and  a  height  of  0.01  m  (10  mm).  A  simple  heat  balance  allows  for  the  calcu¬ 
lation  of  the  maximum  temperature  attained  by  the  drop  during  melting.  The  governing  heat  transfer  equation 

is : 


,;.-pvc£ 


Equation  A4  can  be  easily  solved  to  give  : 


AT  =  - 


pvcp 


(A4). 


(AS). 


Assuming  that  no  heat  is  lost  due  to  either  radiation  or  convection  and  that  the  only  source  of  heat  is  that 
applied  to  the  cone  by  the  arc  and  that  for  the  time  the  arc  spends  on  each  drop  site,  its  entire  energy  is  depos¬ 
ited  on  the  surface  of  the  cone  we  can  calculate  the  temperature  change.  In  the  case  of  titanium  melting,  the 
electrode  voltage  drop  is  about  6  V  and  the  melting  current  is  10,000  A  (for  an  0.8  m  diameter  electrode). 
Thus  the  energy  transferred  to  the  drop  site  is  approximately  60,000  W.  Using  an  average  density  of  4S40 
kg/m3,  a  cone  volume  of  5.89*  10' 7  m’,  a  heat  capacity  of  6SS.1  J/kg  and  a  typical  arc  dwell  time  of  0.030 
seconds  (30  milliseconds),  a  change  in  temperature  of  1,027  C  is  calculated  using  equation  AS. 
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DOSS,  AN  INDUSTRIAL  PROCESS  FOR  REMOVING 


OXYGEN  FROM  TITANIUM  TURNINGS  SCRAP 
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Abstract 

A  process  called  DOSS  has  been  developed  for  removing  oxygen  from  titanium  and 
other  reactive  and  refractory  metals.  The  process  Involves  heating  scrap  turnings  at 
about  925° C  in  the  presence  of  calcium.  The  turnings  are  then  leached  with  dilute 
acid  to  remove  excess  calcium  and  calcium  oxide.  DOSS  has  been  successfully 
used  to  treat  powder,  thin  sheet  and  scrap  turnings.  The  first  commercial  application 
of  the  technology  was  for  removal  of  oxygen  from  titanium  turnings  scrap.  The 
process  has  been  successfully  scaled  up  to  treat  1200  to  1400  kilogram  lots  of  scrap 
in  existing  sponge  reduction  equipment.  Oxygen  content  of  turnings  was  reduced 
from  0.25%  to  values  as  low  as  0.04%.  Tests  conducted  on  metal  samples  produced 
from  ingots  melted  with  DOSS  treated  scrap  in  an  electron  beam  melting  furnace 
were  similar  to  those  rolled  from  ingot  melted  from  untreated  scrap. 

Introduction 

Titanium  mill  products  are  used  in  a  wide  range  of  aerospace  and  industrial 
applications  requiring  high  quality  metal  products.  The  high  cost  of  virgin  materials 
has  provided  impetus  for  the  development  of  new  processes  for  recycling  scrap.  As 
the  titanium  industry  matured,  virgin  sponge  and  alloying  metals  have  been  displaced 
by  scrap  in  melting  processes.  In  the  United  States,  scrap  recycle  now  averages 
between  thirty-five  and  forty-five  percent  of  Ingot  production. 

RMI  Titanium  Company  has  developed  a  new  process,  DOSS,  an  acronym  for 
DeOxidation  In  the  Solid  State.  This  process  can  be  used  to  upgrade  the  quality  of 
scrap.  The  process  utilizes  calcium  vapor  to  remove  oxygen  from  machine  turnings 
and  other  metal  scrap.  Deoxidation  of  titanium  with  calcium  has  been  studied  by 
various  researchers  [1]  and  can  be  expressed  by  equations  (1)  and  (2). 

Ca(g)  +  O  (mass%  in  Ti)  =  CaO  (s)  (1) 

K,  =  a h0  =  a^a^  J0(mass%  O)  (2) 

where  a ,  denotes  the  activity  of  component  /  relative  to  the  pure  substance;  h0,  the 
activity  of  oxygen  relative  to  1  mass%  O;  (mass%  O)  the  mass%  of  oxygen  in  the 
solid  metal  and  J0  Is  the  activity  coefficient  of  oxygen  relative  to  1  mass%  O. 
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Because  the  oxygen  content  is  low,  oxygen  In  the  metal  obeys  Henry’s  law  and  J0 
is  unity.  As  the  reaction  progresses,  a  layer  of  liquid  calcium  and  calcium  oxide  form 
on  the  surfaces  of  the  turnings.  As  the  reaction  approaches  equilibrium,  a^ 
approaches  unity.  The  solubility  of  oxygen  in  the  Ca-0  system  has  been  estimated 
to  be  small  from  the  phase  diagrams  developed  by  Fischbach.(2)  The  value  of  a^ 
can  be  estimated  from  equation  (3)  and  Raoult's  law. 


3*=  1-Xo  (inCa)  (3) 

From  evaluation  of  these  equations,  an  equilibrium  limit  for  mass%  oxygen  in  titanium 
of  0.035  to  0.045  mass%  has  been  predicted  by  Ono  et  ai.  within  a  range  of  practical 
operating  temperatures  from  1273  to  1373°  K.  (3) 


This  reaction  can  be  used  to  lower  the  oxygen  content  In  titanium  scrap  turnings 
generated  by  the  aerospace  industry.  Treated  turnings  can  be  blended  with  clean 
turnings  containing  higher  levels  of  oxygen  to  achieve  specified  oxygen  contents  in 
ingot.  Low  oxygen  turnings  can  serve  as  a  direct  replacement  for  sponge  as  a 
"sweetener''  for  titanium  ingots  melted  from  scrap. 


This  paper  reviews  development  of  the  DOSS  process  at  RMI  Titanium  Company. 


Laboratory  Scale  Development 


The  DOSS  process  was  developed  as  a  result  of  experiments  designed  to  produce 
titanium  powder  from  titanium  dioxide.  In  these  experiments,  titanium  dioxide  was 
reduced  using  titanium  powder  and  a  sodium-calcium  sludge,  ggwview  of 
experimental  results  indicated  that  solutions  of  calcium  in  liquid  sodium  were  effective 
in  reducing  oxygen  to  very  low  levels  in  titanium  powder.  Residual  oxygen  content 
in  the  treated  powder  was  lower  than  levels  documented  for  a  similar  process  used 
to  produce  titanium  powder  by  a  multiple  step  reduction  of  titanium  dioxide  with 
calcium. (4)  It  was  projected  that  high  oxygen  levels  in  titanium  scrap  turnings  and 
powders  could  also  be  reduced  by  similar  treatment.  Laboratory  experiments  were 
conducted  to  verify  this  concept. 


The  oxygen  content  in  samples  of  titanium,  6%  aluminum,  4%  vanadium  scrap  was 
reduced  from  an  initial  level  of  0.22%  to  less  than  0.04%  (400  ppm).  Experiments 
were  conducted  with  other  titanium  alloys.  Oxygen  was  also  removed  when  samples 
of  zirconium  and  hafnium  scrap  were  treated.(5)  Data  for  oxygen  removal  from  these 
elements  are  given  in  Table  I. 


Table  I  -  Oxygen  Removal  from  Group  IVA  Elements 


Element,  Alloy,  Form 

Initial 

Oj,  ppm 

Final 

02,  ppm 

Time 

Hours 

Titanium,  pure,  chips 

2010 

4-6 

Titanium,  6-4,  chips 

2540 

280 

4-6 

Titanium,  6242,  chips 

2200 

350 

5-6 

Zirconium,  pure,  chips 

1900 

480 

5 

Hafnium,  pure,  chips 

650 

5 

Tests  were  done  at  temperatures  between  900  and  1000'C  . 


Oxygen  removal  was  also  evaluated  for  Group  VA  elements.  Data  obtained  for 
elements  In  Group  VA  are  given  In  Table  II.  Oxygen  was  reduced  In  vanadium, 
niobium  and  tantalum  at  temperatures  between  900  and  1000  *C. 

Table  II  -  Oxygen  Removal  from  Group  VA  Elements 


Element,  Alloy,  Form 

Initial 

02,  ppm 

Final 

Oj.  ppm 

Time 

Hours 

Vanadium,  pure,  chips 

3000 

230 

5 

Niobium,  pure,  powder 

690 

260 

5 

Tantalum,  pure,  powder 

3700 

730 

5 

Experiments  were  conducted  to  evaluate  removal  of  oxygen  from  the  elements  in 
Group  VIA.  The  results  of  these  evaluations  are  summarized  in  Table  III.  Significant 
oxygen  reduction  was  possible  when  chromium  and  molybdenum  were  treated.  Less 
removal  was  obtained  when  tungsten  powder  was  deoxidized. 

Table  III  -  Oxygen  Removal  from  Group  VIA  Elements 


Element,  Alloy,  Form 

Final 

Oj,  ppm 

Time 

Hours 

Chromium,  pure,  powder 

2400 

820 

5 

Tungsten,  pure,  powder 

1600 

1200 

5 

Molybdenum,  pure,  powder 

4800 

1100 

5 

Pilot  Plant  Development 

Pilot  plant  experiments  were  done  in  an  eighteen  Inch  diameter,  stainless  steel  retort. 
The  retort  was  heated  in  an  electrical  resistance  furnace.  Initial  experiments  utilized 
2.27  kilogram  batches  of  6-4  titanium  alloy  turnings.  A  sodium-cnldum  mixture  which 
contained  approximately  25  percent  calcium  was  mixed  with  dry  scrap  turnings  in  a 
dry  box.  A  covered  crucible  containing  the  charge  was  transferred  into  the  retort. 
The  retort  was  sealed  and  purged  with  argon.  The  furnace  was  heated  to  a 
temperature  of  950°  C  and  maintained  for  7  to  9  hours.  Sodium  distilled  from  the 
charge  and  collected  in  an  external  condenser.  About  70  percent  of  the  initial  oxygen 
was  removed  after  the  turnings  were  leached  In  dilute  add  solution. 

Table  IV  -  DOSS  Pilot  Plant  Results,  Sodium  -  25%  Caldum 


Run 

# 

Weight 

Kgms 

Time 

Hours 

Oxygen 
%,  Start 

Oxygen 
%,  Final 

Caldum 

% 

1 

4.50 

5 

0.278 

0.093 

0.008 

2 

11.4 

6 

0.278 

0.082 

0.026 

3 

9.09 

5.5 

0.259 

0.064 

N/D 

Results  of  experiments  conducted  at  temperatures  from  900  to  950°  C  in  which 
sodium-calcium  mixtures  were  used  to  remove  oxygen  from  scrap  are  given  in  Table 
IV.  These  tests  demonstrated  that  the  process  could  be  scaled  up  by  a  factor  of  50 


with  only  small  loss  of  efficiency.  During  these  tests,  distillation  of  sodium  from  the 
retort  resulted  in  safety  and  handling  problems.  In  order  to  minimize  the  safety 
problems  identified  during  the  initial  pilot  tests,  pure  calcium  metal  was  substituted 
for  sodium-caldum  mixtures.  Blends  of  turnings  and  calcium  metal  were  heated  in 
an  inert  atmosphere.  Pure  calcium  removed  oxygen  from  scrap  turnings  adequately 
and  sodium  metal  was  eliminated  from  the  process.  Results  from  tests  in  which 
calcium  replaced  sodium-caldum  mixtures  are  given  below.(6) 

Table  V  -  DOSS  Pilot  Plant  Results,  Pure  Caldum  Metal 


Run 

# 

Weight 

Kgm 

Time 

Hours 

Oxygen 
%,  Start 

Oxygen 
%,  Final 

Caldu 

% 

1 

2.27 

5 

0.204 

0.056 

0.005 

2 

4.55 

7 

0.204 

0.057 

0.025 

3 

11.36 

7 

0.225 

0.053 

0.032 

4 

22.73 

7 

0.225 

0.055 

0.045 

5 

45.45 

6 

0.222 

0.045 

0.033 

These  pilot  plant  tests  verified  that  the  DOSS  process  could  be  scaled  up  in  volume. 


Commercial  Scale  Development 


Successful  pilot  plant  trials  prompted  a  scale  up  into  redudlon  plant  equipment.  This 
scale  up  was  designed  to  use  as  much  existing  sponge  redudion  equipment  as 
possible.  Redudion  furnaces,  retorts,  vacuum  systems,  leaching  equipment  and 
drying  ovens  were  used  in  DOSS  process  designs.  The  process  is  shown  as  a  flow 
diagram  in  Figure  1 .  In  order  to  avoid  contaminating  redudion  retorts  used  for  the 
process,  an  internal  basket  system  was  designed.  Scrap  baskets  held  the  charge 
and  minimized  difficulties  during  removal  of  the  scrap. 

After  heating,  the  normally  loose,  free  flowing  chips  formed  dense  masses  that 
sintered  together.  Pneumatic  rock  drills  used  for  removing  mixtures  of  salt  and 
titanium  sponge  from  retorts  were  unsuitable  for  removing  the  sintered  mass  formed 
during  DOSS  treatment.  An  internal  liner  system  was  designed  in  the  form  of 
segmented  baskets.  Baskets  were  designed  to  stack  around  a  central  pipe  support. 
This  pipe  was  also  used  to  align  two  baskets  stacked  one  above  the  other.  These 
baskets  were  separated  into  eight  pie  shaped  sections.  Each  compartment  was 
designed  to  hold  about  1 50  pounds  of  scrap.  In  the  original  design,  removable  mesh 
dividers  were  used  to  hold  chips  within  the  baskets.  These  screens  were  also  used 
to  separate  the  charge  Into  wedge  sections  that  were  easier  to  remove  and  crush. 


Two  demonstration  runs  were  made  in  early  1991.  In  the  first  scale  up  experiment, 
227  kilograms  of  turnings  were  placed  into  a  conical  basket.  The  dean  alloy  chips 
were  blended  with  caldum  shot  and  placed  into  the  basket.  The  basket  was 
transferred  into  the  bottom  of  a  reduction  retort.  A  lid  was  welded  to  the  top  of  this 
retort.  The  retort  assembly  was  evacuated  and  refilled  with  argon  gas  under  pressure. 
After  leak  tests  were  completed,  the  retort  assembly  was  transferred  into  a  gas  fired 
furnace  and  heated  to  approximately  925*  C.  A  positive  argon  pressure  was 
maintained  for  the  12  hour  heating  cyde.  The  retort  was  then  cooled  to  room 
temperature. 

The  retort  lid  was  then  removed  and  the  basket  was  lifted  from  the  retort.  The  scrap 
charge  had  compaded  to  about  one-third  it's  original  volume.  Eight  wedge  shaped 
sedions  were  removed  from  the  baskets  as  dense,  sintered  masses.  These  wedges 
were  sheared  into  smaller  pieces  and  crushed  with  a  small  hammer  mill.  The 
crushed  turnings  were  leached  with  dilute  hydrochloric  add  in  rotary  mixers  to 
remove  residual  calcium  compounds.  Data  from  the  analysis  of  these  drips  verified 
good  oxygen  removal  and  are  detailed  In  Table  VI. 

Table  VI  -  Results  of  DOSS  Plant  Scale  Demonstration  Tests 


Sample  Weight 

Kilograms 

Oxygen 

% 

Nitrogen 

% 

Carbon 

% 

Caldum 

% 

First  Trial:  227 

Before  Treatment 

0.258 

0.016 

0.025 

N/D 

After  Treatment 

0.077 

0.014 

0.062 

HID 

Second  Trial:  1,000 

Before  Treatment 

0.215 

0.016 

0.025 

<0.001 

After  Treatment 

0.065 

0.015 

0.062 

0.035 

12M 


In  a  second  experiment,  two  segmented  baskets  were  stacked  into  the  reduction 
retort.  This  purpose  of  this  experiment  was  to  demonstrate  the  process  for 
commercial  quantities  of  scrap.  The  two  baskets  were  loaded  with  a  total  of  2200 
pounds  of  six  aluminum,  four  vanadium  (6-4)  alloy  turnings.  These  turnings  were 
blended  with  three  percent  calcium  shot.  The  scrap  baskets  were  placed  into  the 
retort  and  stacked  around  a  central  pipe  hub.  The  treatment  cycle  was  completed 
using  procedures  similar  to  those  used  for  the  first  demonstration  trial.  The  reaction 
retort  was  maintained  at  a  temperature  between  900  and  925°  C  for  14  hours  with  an 
argon  atmosphere.  Results  of  the  second  commercial  trial  were  also  successful. 
Oxygen  removal  was  slightly  better  than  the  results  obtained  in  the  first  scale  up 
experiment.  Analytical  results  from  these  tests  are  also  documented  in  Table  VI. 

These  experiments  proved  that  the  DOSS  process  could  be  scaled  up  to  treat 
commercial  quantities  of  scrap  turnings  in  regular  sponge  production  equipment. 
Operating  problem  areas  were  identified  during  these  trials.  A  carefully  planned 
engineering  effort  was  initiated  to  find  practical  solutions  to  these  problems. 

Process  Problems  Identified  During  Scale  Up 

1.  Carbon  Contamination: 

Problem; 

Residual  oils  and  greases  were  found  on  'clean'  turnings.  Residual 
carbon  content  of  the  treated  turnings  was  increased  during  the  heat 
treatments  required  for  good  oxygen  removal. 

Solution; 

A  heated  evacuation  cycle  was  added  to  the  process  to  aid  in 
removal  of  most  of  the  residual  oils  by  vacuum  distillation. 

2.  Acetylene  Formation: 

Problem; 

Acetylene  gas  was  formed  when  reactors  were  opened  in  moist  air. 
High  concentrations  of  this  gas  were  measured  after  retorts  were 
opened.  Some  gas  were  also  present  during  scrap  removal  and  sizing. 

Solution; 

Gas  formation  was  controlled  by  minimizing  calcium  usage.  A  ratio  of 
1 .5%  calcium  was  adequate  to  remove  oxygen.  Removal  of  excess  oils 
also  reduced  gas  formation.  A  high  volume  ventilation  system  was 
specified  for  basket  removal  and  crushing  arenas. 

Current  Program  Status 

The  DOSS  process  was  operated  as  a  semi-works  from  December,  1991  through 
February,  1992.  Capacity  was  increased  to  a  level  of  about  9.1  metric  tons  per 
month  Technicians  and  plant  personnel  operated  the  process  and  produced  low 
oxygen  turnings  for  electron  beam  melting  applications.  These  semi-commercial 
operations  were  terminated  in  late  February,  1992  when  RMI  Company  closed  its 
sponge  reduction  plant.  Commercial  use  of  the  process  is  expected  to  be  further 
defined  in  late  1992.  Analyses  from  typical  scrap  batches  processed  during  semi- 
works  operations  are  given  in  Table  VII. 


Table  VII  •  Typical  Analysis  of  Deoxidized  Turnings;  DOSS  Semi-Works 


Sample 

Weight  Oxygen 
Kilograms  % 

Nitrogen 

% 

Carbon 

% 

Caldum 

% 

Before  DOSS 

0.240 

0.016 

0.025 

<0.002 

Lot  #1, 

4,600 

0.053 

0.015 

0.041 

0.0183 

Lot  #2, 

3,100 

0.055 

0.015 

0.040 

0.0320 

Lot  #3, 

5,600 

0.037 

0.016 

0.036 

0.0132 

Lot  #4, 

2,300 

0.040 

0.016 

0.036 

0.0150 

Lot  #5, 

5,300 

0.055 

0.013 

0.035 

0.0060 

Although  the  oxygen  content  of  this  scrap  was  successfully  reduced,  small  quantities 
of  caldum  remained  in  the  turnings.  Uncertainty  e.<i sited  about  the  impact  of  this 
residual  calcium  on  metal  products  produced  from  scrap  treated  by  this  process. 
There  is  no  known  history  of  problems  from  residual  oxides  or  compounds  after 
melting  of  sponge  which  contains  residual  salts  of  sodium  or  magnesium. 
Evaluations  were  undertaken  to  Identify  any  potential  adverse  effects  caused  by 
residual  calcium  compounds  in  ingot  produced  from  DOSS  treated  scrap. 

Samples  were  taken  from  an  electrode  melted  from  low  oxygen  turnings  treated 
during  the  initial  DOSS  demonstration  runs.  Samples  of  this  ingot  were  evaluated  by 
standard  gas  analysis  and  spark  source  mass  spectrographic  methods.  Results  of 
these  tests  were  compared  with  ingot  samples  melted  from  untreated  alloy  turnings. 
Both  electrodes  were  melted  In  an  electron  beam  furnace.  Residual  caldum 
compounds  left  during  oxygen  removal  were  eliminated  during  ingot  melting. 
Examination  of  *as  cast*  samples  showed  only  minor  structural  differences 
between  samples  from  the  two  ingots  sources.  After  rolling  these  samples  into 
sheet,  only  minor  differences  could  be  found  between  the  two  samples.  Data 
obtained  from  analysis  of  these  samples  are  induded  in  Tables  VIII  and  IX. 

Table  VIII  -  Comparison  of  Trace  Element  Analyses,  EB  Melted  DOSS 
Treated  and  Untreated  Turning  Scrap 


Table  IX  •  Comparison  of  Gaseous  Element  Analyses 


Leco  Gas  Analyses 

ppm 

ppm 

Oxygen,  O 

2330 

1250 

Nitrogen,  N 

120 

120 

Carbon,  C 

300 

700 

Summary 

The  DOSS  process  removes  70  to  75%  of  the  oxygen  from  titanium  turnings.  The 
process  can  be  used  to  remove  oxygen  from  Group  IVA,  VA  and  VIA  elements.  The 
practical  operating  temperatures  of  the  process  is  approximately  950*  C.  At  this 
temperature,  the  diffusion  rate  of  oxygen  is  a  major  rate  controlling  step.  Due  to  this 
limition,  the  DOSS  process  has  been  found  to  be  most  effective  for  removing  oxygen 
from  thin  sheet,  powders  or  machine  turnings. 

The  process  has  been  successfully  scaled  up  from  bench  scale  to  1.2  metric  ton 
batches.  Commercial  quantities  of  low  oxygen  scrap  turnings  have  been  produced 
in  a  semi-works  operation.  Treated  scrap  nas  proven  to  be  well  suited  for  recycle 
into  hearth  melting  processes. 

The  metallurgy  of  sheet  samples  made  from  Ingots  melted  from  DOSS  treated 
turnings  is  not  measurably  different  from  samples  obtained  from  untreated  scrap 
ingots.  Residual  calcium  compounds  are  removed  during  Ingot  melting. 

References 

1.  H.  Niiyama,  et.  al„  'Deoxidation  Equilibrium  of  Solid  Titanium,  Zirconium,  and 
Niobium  with  Calcium',  Journal  of  Less-Common  Metals,  169,  (1991),  209-216 

2.  K.  Ono.  T.  Olshl  and  S.  Miyazaki,  'Thermodynamic  Properites  of  Oxygen  In  the 
Alpha  and  Beta  Titanium-Oxygen  Alloys  at  800-1200°  C,  ‘Titanium  Science  & 
Technology,  4(1985),  2657 

3.  H.  Fischbach,  Steel  Res.,  56(1989),  431 

4.  G.  Buttner,  H.G.  Domazer,  and  H.  Eggert,  U.S.  Patent  4,373,947,  February  15, 
1983,  Assigned  to  Th.  Goldschmidt  AG,  Essen,  Fed.  Rep.  of  Germany 

5.  R.  L.  Fisher,  'Deoxidation  of  Titanium  and  Similar  Metals  Using  a  Deoxidant  in  a 
Molten,  Metal  Carrier*,  U.S.  Patent  4,923,531,  May  8,  1990,  Assigned  to  RMI 
Company,  Niles,  Ohio 

6.  R.  L.  Fisher,  'Deoxidation  of  A  Refractory  Metal",  U.S.  Patent  5,022,935,  June  11, 
1991,  Assigned  to  RMI  Titanium  Company,  Niles,  Ohio 


PREPARATION  AND  CHARACTERIZATION  OF 


EXTRA-LOW-OXYGEN  TITANIUM 


T.H.Okabe,  M.Nakamura,  T.Ueki,  T.Oishi  and  K.Ono 

Department  of  Metallurgy,  Kyoto  University, 

Yoshida  Honmachi,  Sakyo-ku,  Kyoto  606,  JAPAN 

Abstract 

Removal  of  oxygen  in  titanium  by  reaction  with  chemically  active  calcium  dissolved 
in  CaCI2  was  examined  at  temperatures  between  1173  and  1473K  with  the  purpose  of 
obtaining  extra-low-oxygen  titanium.  CaCl2  was  used  as  a  flux  to  facilitate  the  reaction  by 
decreasing  the  activity  of  the  by-product  CaO.  Titanium  wires  and  small  pieces  of  titanium 
were  deoxidized  to  20  -  60  mass  ppm  oxygen  by  use  of  calcium-saturated  CaCl2. 

Trace  element  analysis,  micro  Vickers  hardness  measurements,  and  electrical 
resistivity  measurements  were  carried  out  to  characterize  the  deoxidized  titanium.  Titanium 
with  a  high  residual  resistivity  ratio  (p29«/P4.2=100)  was  produced  by  the  deoxidation  of 
electrolytically  refined  titanium.  The  "ideal  resistivities",  or  hypothetical  resistivities  of  pure 
titanium,  at  77  and  298K  were  determined  to  be  40  and  440  nfim,  respectively.  The  influence 
of  oxygen  on  resistivity  at  4.2K  was  also  measured  by  using  titanium  containing  30  and  500 
mass  ppmO,  and  was  determined  to  be  88  nfim/at%0. 

As  an  alternate  method  for  deoxidation,  titanium  wire  was  immersed  into  molten 
CaCI2.  Titanium  and  carbon  electrodes  acted  as  cathode  and  anode,  respectively,  using  an 
external  DC  source.  By  this  procedure,  it  is  believed  that  the  calcium  potential  in  CaCl2 
increased  at  the  titanium  surface.  Oxygen  dissolved  in  the  salt  bath  through  deoxidation  of 
titanium  reacted  at  the  carbon  anode  to  form  CO  (or  C02)  gas  and  was  removed  from  the 
system.  The  titanium  samples  in  the  salt  were  deoxidized  by  the  electrolytically-produced 
calcium,  and  oxygen  in  titanium  was  lowered  to  below  the  20  mass  ppm  level  whereas  the 
carbon  concentration  was  increased  to  some  extent. 

Introduction 


Over  the  past  several  years,  the  demand  for  high  purity  titanium  for  use  in  electronic 
materials  has  increased.  For  applications  such  as  target  materials  for  semiconductor  use,  4  to 
5N  (excluding  gaseous  elements)  high  purity  Kroll  titanium  has  been  mainly  employed.  More 
recently,  for  electronic  materials  use,  titanium  is  purified  further  by  using  method  of  the 
iodide  process”)  or  electrolytic  refining®.  The  level  of  purity  of  titanium  produced  in  these 
ways  is  between  5  and  6N  (excluding  gaseous  elements),  with  the  major  impurity  of  6N 
titanium  being  oxygen  at  about  100  mass  ppm. 

Among  the  known  purification  processes  (e.g.  electrolysis  in  molten  salts,  electron 
beam  floating  zone  melting,  electro-transport,  ana  degassing  in  ultra  high  vacuum),  no 
effective  methods  other  than  electrolytic  refining  and  iodide  refining  have  been  developed  for 
oxygen  removal  to  a  level  below  100  mass  ppm.  Even  if  low  oxygen  titanium  is  successfully 
produced  using  these  optimized  methods,  contamination  by  oxygen  is  inevitable  during 
subsequent  processing,  such  as  during  electron  beam  melting. 

Oxygen  removal  directly  from  titanium-oxygen  solid  solution  to  a  level  below  50 
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mass  ppm  is  deemed  to  be  very  difficult  because  titanium  has  a  strong  affinity  for  oxygen.  For 
this  reason  the  conventional  titanium  refining  process  is  based  on  reaction  of  oxygen  free 
titanium  compounds  in  a  gas-tight  system.  From  a  thermodynamic  view  point,  external 
gettering  used  for  solid  state  refining  is  one  of  the  most  promising  methods  for  direct 
deoxidation  of  titanium!3).  This  method  can  be  applied  during  final  deoxidation  of  titanium 
products  as  a  surface  deoxidation  treatment  following  machining. 

This  paper  reports  the  results  of  an  experimental  investigation  directed  towards  the 
preparation  of  extra-low-oxygen  titanium  by  using  the  calcium  saturated  CaCl2  flux 
deoxidation  method. (W)  As  an  alternative,  an  electrochemical  deoxidation  technique!5)  was 
applied  for  producing  oxygen-tree-titanium.  Characterization  of  the  resulting  degree  of 
purity  was  made  by  trace  element  analyses,  micro  Vickers  hardness  measurements,  and 
electrical  resistivity  measurements. 

Calcium-Halide  Flux  Deoxidation  Process 

Principle 


It  is  well  known  that  a  large  amount  of  oxygen  dissolves  in  titanium  to  form  an 
interstitial  solid  solution.  The  maximum  solubility  of  oxygen  in  hexagonal  close-packed 
titanium  (a-Ti)  is  about  33mol%.<6>  The  oxygen  solubility  in  the  high  temperature  bcc  phase 
(P-phase)  is  much  lower  (about  2mol%  at  1273K)  and  the  a-p  transformation  temperature 
increases  sharply  with  increasing  oxygen  content. 

In  this  study,  titanium  deoxidation  by  reaction  with  a  chemically  active  element, 
namely  calcium  dissolved  in  CaCl2  through  surface  contact,  was  examined  in  the  temperature 
range  1273  to  1473K,  to  obtain  low  oxygen-containing  titanium.  Calcium  is  thought  to  be  the 
most  effective  deoxidation  agent  not  only  because  it  has  an  extremely  strong  affinity  for 
oxygen  but  because  it  has  a  high  vapor  pressure  around  1273K  (P^l^kPa)!7)  and  can  diffuse 
into  CaCl2.  Furthermore  the  maximum  solubility  of  calcium  in  titanium  is  reported  to  be  only 
about  60  mass  ppm  at  1273K.<8>  CaCl2  was  used  as  a  flux  to  contain  the  deoxidation  agent 
calcium  and  in  addition,  to  facilitate  the  reaction  by  diluting  the  reaction  product  CaO,  i.c., 
decreasing  the  activity  of  the  by-product  CaO. 

Since  details  of  the  principle  of 
calcium-halide  flux  deoxidation  of  titanium 
are  reported  elsewhere!3),  only  a  brief  outline 
will  be  given  here.  Titanium-oxygen  solid 
solution  can  be  deoxidized  by  calcium  to  a 
lower  oxygen  level  by  the  following  reaction: 

O  (in  Ti)  +  Ca  (in  flux)  =  CaO  (in  flux)  (1) 

Co-existence  of  calcium  and  the  by-product, 

CaO,  fixes  the  equilibrium  oxygen  partial 
pressure,  and  hence,  the  amount  of  residual 
oxygen  in  titanium  is  thermodynamically 
determined.  The  deoxidation  limit  of  titanium 
is  given  by  Equation  (2)  at  temperature  T. 

[%0]  =  (ac.0/aaXl/f0)exp(AG0/RT)  (2)  OxT|ii  conctnl i il i ei  (nut 


Figure  1  -  Equilibrium  oxygen  concen¬ 
tration  in  Ti  under  Ca-CaO  existence.!9) 


where  AG°  is  the  standard  free  energy  change 
of  Equation  (1),  aCl0  and  a^  are  the  activities 
of  CaO  and  calcium,  respectively,  and  f0  is  the  activity  coefficient  of  oxygen  in  solid 
titanium.  When  determining  the  partial  pressure  of  oxygen  in  p— solid  titanium,  the  authors 
measured  the  equilibrium  oxygen  concentration  in  titanium  coexisting  with  calcium  and  CaO 
at  temperatures  between  1173K  and  1373K!9).  Based  on  these  obtained  data,  and  the  condition 
that  the  activity  of  the  by-product  CaO  is  unity,  the  predicted  deoxidation  limit  of  titanium  by 
using  pure  calcium  at  1273K  is  about  500  mass  ppm  as  shown  in  Fig.l!9).  The  authors  also 
discussed  the  feasibility  of  preparation  of  low  oxygen-containing  titanium  by  decreasing  the 
activity  of  the  by-product  CaO  using  various  calcium-halide  fluxes  in  the  presence  of 
calcium  metal.  After  consideration  of  several  factors  in  choosing  a  flux  and  the  process 
parameters  for  deoxidation,  CaCl2  was  decided  to  be  the  most  suitable  among  many  halide 
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fluxes  around  1300K<]>.  CaCI2  used  as  a  flux  dissolves  a  large  amount  of  CaO  (about  20 
mol%  at  1273K  <■<>)),  while  the  solubility  of  CaCI2  in  calcium  is  less  than  5  mol%(n). 
Therefore,  it  is  expected  that  the  CaO  by-product  of  deoxidation  wilt  be  dissolved  by  the 
calcium-saturated  CaG2  flux,  and  that  the  deoxidation  limit  will  be  lowered  as  the  activity  of 
CaO  (refer  to  Equation  (2))  is  decreased.  For  example,  Equation  (2)  shows  that  when  the 
activity  of  CaO  in  the  flux  is  decreased  to  a  level  of  0.01  in  the  presence  of  calcium,  the 
deoxidation  limit  is  lowered  to  the  3  mass  ppm  level  at  1273K. 

Experimental 

Fig.2  shows  the  arrangement  of  the 
reaction  tube  used  for  titanium  deoxidation  in 
this  study.  Ten  to  fifteen  titanium  samples 
(about  0.1  -  2g  each)  were  placed  on  a  titani¬ 
um  dish  within  a  titanium  cup,  which  was 
filled  with  about  20g  of  CaCI2.  The  CaCI2 
used  in  this  study  was  reagent  grade  anhy¬ 
drous  CaCl2  (99.9%)  in  powder  form,  dried  at 
800K  for  more  than  200ks.  Severs!  kinds  of 
titanium  pieces  and  wires  with  different 
oxygen  concentration  and  configuration  were 
used  as  starting  materials.  The  cup  containing 
the  titanium  sample  and  CaCI2  was  sealed  in  a 
stainless  steel  tube  with  5g  of  calcium  gran¬ 
ules,  as  shown  in  Fig.2.  To  avoid  contamina¬ 
tion  of  the  sample  by  impurities  in  calcium 
(mainly  CaO  and  nitrogen),  calcium  was 
isolated  from  the  samples  and  flux,  and  sup¬ 
plied  to  the  flux  in  vapor  form. 

The  assembled  sealed  tube  was  heated  in  an  electric  furnace  to  a  temperature  between 
1173  and  1473K.  The  holding  time  was  between  86.4ks  and  260ks,  after  which,  the  reaction 
tube  was  taken  out  from  the  fiimace  and  quenched  in  water.  The  amount  of  time  necessary  to 
reach  equilibrium  was  determined  in  previous  workW.  In  some  experiments,  for  the  purpose 
of  annealing,  the  reaction  container  was  cooled  in  the  furnace,  or  quenched  and  then  heated 
again  to  1073K  for  lOks  to  remove  defects  in  the  samples  which  would  interfere  in  resistivity 
measurements.  After  heat  treatment,  the  calcium-saturated  fused  salt  in  the  titanium  cup  was 
removed  by  leaching  with  (1+1)  acetic  acid,  and  the  resulting  titanium  samples  were  carefully 
cleaned  in  warm  HC1  aqueous  solution  followed  by  water,  alcohol  and  acetone,  and  then 
allowed  to  dry. 

Oxygen  and  nitrogen  analyses  of  the  samples  were  made  using  an  inert  gas  fusion 
infrared  absorption  method  (LECO  TC-336  analyzer).  For  oxygen  and  nitrogen  extraction, 
O.lg  of  titanium  sample  enclosed  in  lg  of  platinum  foil  was  dropped  into  a  graphite  crucible 
and  held  at  a  temperature  above  2800K.  Electrical  resistivity  measurements  were  carried  out 
on  samples  in  wire-form  which  were  immersed  in  liquid  helium,  liquid  nitrogen,  and  water 
kept  at  298K.  The  conventional  four  probe  direct  current  technique  was  adopted.  Micro 
Vickers  hardness  measurements  using  a  300  g  load  were  carried  out  at  room  temperature  on 
the  chemically  polished  surfaces  of  cross  sectioned  samples.  Trace  element  analysis  of 
titanium  was  carried  out  utilizing  glow  discharge  mass  spectroscopy(GDMS),  and  in  the  case 
of  calcium,  the  values  were  cross  checked  by  using  flamcless  atomic  absorption  spectroscopy. 

Results  and  Discussion 
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Figure  2  -  Schematic  illustration  of  the 
reaction  tube. 


Oxvecn  and  nitrogen  analysis  Some  representative  analytical  oxygen  and  nitrogen 
concentrations  in  titanium  before  and  after  experiments  are  listed  in  Table  I. 

By  using  Ca-CaCl2  flux,  titanium  samples  were  deoxidized  to  a  level  below  30  mass 
ppm,  and  in  some  experiments  the  oxygen  contents  in  titanium  were  lowered  to  less  than  20 
mass  ppm.  The  final  oxygen  concentrations  were  essentially  independent  of  the  initial  oxygen 
concentrations  under  these  experimental  conditions.  The  reaction  periods  appear  to  be 
sufficient  to  reach  equilibrium,  and  thus,  the  deoxidation  limit  in  these  experiments  may  be 
determined  from  the  activity  of  CaO  in  the  flux.  It  is  believed  that,  in  this  study,  the  amount  of 
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CaO  derived  from  deoxidation  of  titanium  was  small  in  comparison  to  the  level  of  CaO 
impurity  in  CaCl2.  For  further  deoxidation,  it  seems  necessary  to  refine  the  CaCl2  for  CaO 
elimination. 


Table  I  Results  of  titanius  deoxidation  by  the  calciuc-halide  flux  deoxidation  aethod. 


Exp.  condition 

Temperature  / 
Holding  time 

Oxygen  cone, 
(mass  ppm) 

Nitrogen  cone.  Vickers  hardness 

(mass  ppm)  (kgf/am* ) 

RRR 

(p298/p4.2) 

Initial 

After  exp. 

Initial 

After  exp. 

After  exp. 

After  exp. 

1273K  /  86ks 

900" 

80 

too 

130 

103 

17 

1273K  /  90ks 

130* 

85 

100 

130* 

100 

200 

79 

1373K  /  86ks 

110’ 

37 

5 

48 

86 

120 

1373K  /  40ks 

■f'l 

35 

10 

49 

93 

95 

22 

10 

45 

*  :  Electrolytically  refined  titanium,  *  :  Commercial  grade  titanium. 


Nitrogen  concentrations  in  the  samples  were  independent  of  the  experimental 
conditions,  and  increased  from  the  initial  values  by  about  40  mass  ppm,  in  all  cases.  This 
increment  seems  to  be  caused  by  residual  nitrogen  in  the  reaction  tube  and/or  the  presence  of 
nitrogen  in  the  CaCl2  and  calcium,  since  no  nitrogen  gas  elimination  was  done  preceding  the 
sealing  of  the  sample  in  the  reaction  tube. 

Micro  Vickers  hardness  measurements  The  micro  Vickers  hardness  value  of 
electrolytically  refined  titanium  was  80-90  kgf/mm2  following  deoxidation,  "typical  hardness 
values  are  also  listed  in  Table  I. 

Trace  elements  analysis  Results  of  GDMS  indicate  that  calcium,  chromium  and  nickel 
concentrations  remained  unchanged  with  the  deoxidation  treatment.  The  calcium 
concentration  of  the  deoxidized  samples  were  cross  checked  by  using  an  atomic  absorption 
method:  the  analyzed  values  ranged  from  0.8  to  1.2  mass  ppm.  Detailed  analysis  of  trace 
metal  impurities  in  titanium  before  and  after  deoxidation  are  provided  in  a  previous  work.W 
Residual  resistivity  ratio  measurements  The  resistivity  ratios,  p29s/p4.2(=RRR)  and 
PWPr?,  are  fairly  accurate,  since  values  do  not  include  error  associated  with  size  measure¬ 
ments.  The  RRR  values  increased  in  all  cases  following  deoxidation  treatment.  It  is  worth 
noting  that  the  RRR  value  for  electrolytically  refined  titanium  wire  reached  a  magnitude  of 
hundred  after  deoxidation,  while  that  for  commercial  grade  titanium  wire  showed  only  about 
17  as  shown  in  Thble  I. 

In  general,  the  resistivity  of  titanium  at  temperature  T,  px,  can  be  put  in  the  form 
Pt  =  Pit  +  Po  +  AT,c  (3) 

where  piT  is  the  "ideal  resistivity"  due  to  scattering  of  electrons  by  thermal  vibration,  p0  is  the 
residual  resistivity  at  absolute  zero  (0  K)  determined  by  impurities  and  lattice  defects,  and 
Atc  is  the  deviation  from  Matthiessen's  rule  (DMR).  The  residual  resistivity,  p0,  is  essentially 
equal  to  the  resistivity  at  4.2K,  p42,  in  the  case  of  titanium  because  p,iT  +  Axc  is  negligible 
compared  to  p0. 

Assuming  that  Matthiessen's  rule  can  be  applied,  that  is,  AT>C  in  Equation  (3)  is  zero, 
values  measu;abfe  with  high  accuracy  can  be  expressed  as  follows; 

Pt7  /  P»s =  (Pi, 77  +  Po)  I  (Pi, 298  +  Po)  W 

P4.2  t  P298  =  (Pi.4.2  +  Po)  1  (Pi, 298  +  Po)-  (5) 

The  relationship  between  p77/p2,8  and  P4.2/p298  can  be  obtained  by  eliminating  p„  from 
Equations  (4)  and  (5)  as  follows, 


P77/P298  =  A  P47/P298  +  B  (6) 

where  A  and  B  are  (Puw-Pu/WPwPu.i)  “d  (Pi.TT-Pw^Pi^g-Pi.o).  respectively.  The 


values  A  and  B  in  Equation  (6)  are  constant,  and  independent  of  impurity  concentration. 
Consequently,  if  Matthiessen's  rule  can  be  applied  to  titanium  which  contains  dilute 
impurities,  every  pair  of  measured  values  (pVPws  and  p4  2/p29s)  for  the  samples  should  fall 
on  a  straight  line  expressed  by  Equation  (6),  even  though  p0  of  these  samples  may  be  very 
large.  Also  the  values,  P77/P298  and  p4.2/P298>  should  approach  the  values,  B  and  0, 
respectively,  as 


RRR 

too 


(  =  P  298  /  P  4 . 2 


20 


the  purity  of  titanium  increases  (viz.  p0 
approaches  0). 

In  Fig. 3,  measured  values  of 
P77/P298  are  plotted  against  p4.2/P298  for 
deoxidized  titanium  wires  as  well  as  for 
as-received  titanium  wires.  The  meas¬ 
ured  values  for  deoxidized  samples  fall 
on  a  straight  line,  but  those  for  as-re¬ 
ceived  titanium  wires,  especially  for 
samples  with  high  p0  (high  oxygen 
concentration),  deviate  from  the  straight 
line.  This  result  indicates  that  the  ef 
of  oxygen  on  the  term  ATC  in  Equation 
(3)  cannot  be  neglected,  and  that  Mat¬ 
thiessen's  rule  cannot  be  applied  to  titani¬ 
um  with  high  oxygen  concentration. 

From  the  24  pairs  of  measured  values  for 
deoxidized  titanium  wires,  the  constants 
(Equation  (7)),  A  and  B  were  calculated 
using  the  least  square  approximation,  and 
are  depicted  by  the  solid  line  in  Fig  3. 

P77/P298  =  0.951  P4.2/P298  +  0.0918  (7) 

The  sum  of  A  and  B  in  Equation  (6) 
should  theoretically  be  one,  whereas  the 
measured  value  in  Equation  (7)  is  1.04. 

This  4  percent  discrepancy  is  somewhat  large  and  cannot  be  attributed  solely  to  experimental 
error,  and  seems  to  be  due  to  DMR  of  samples  with  some  impurities  in  addition  to  oxygen. 
That  is  to  say,  not  only  oxygen  but  also  other  impurities  contribute  to  DMR  for  titanium  to 
some  extent.  For  a  more  rigid  discussion  concerning  DMR,  titanium  purified  further  to  a 
lower  p0  value  is  needed,  and  effect  of  hydrogen  on  resistivity  must  also  be  considered  <lz). 
Ideal  resistivities  of  titanium  In  Table  11,  the  ideal  resistivities  at  77  and  298K  were 
calculated  by  using  deoxidized  samples  on  the  assumption  that  ATC  in  Equation  (3)  is  negligi¬ 
ble  for  samples  with  RRR  of  about  one  hundred.  The  data  obtained  by  White  and  Woods  <1J) 
and  by  Wasilewski  <14)  are  also  listed  for  comparison.  By  using  the  values  in  Table  II,  the 
constants  A  and  B  in  Equation  (6)  can  be  calculated.  Calculated  relationships  between 
P77/P298  and  p4yp298  are  illustrated  in  Fig.3  along  with  their  respective  literature  value  (□). 
The  dashed  line  m  Fig.3  is  calculated  using  the  values  in  Table  II  obtained  in  this  study.  There 
is  a  large  discrepancy  between  the  three  calculated  lines,  probably  due  to  DMR.  That  is,  in 
the  calculation  of  plT  in  Equation  (3)  using  a  sample  with  large  Po,  it  is  unavoidable  that  there 
is  contribution  of  ATC  to  p^.  Therefore,  it  seems  necessary  to  use  as  low  residual  resistivity 
as  possible  to  minimize  the  interference  by  DMR  in  the  determination  of  the  ideal  resistivity. 

Table  II  Ideal  resistivity  of  titanium  at  298  and  77K. 


Figure  3  -  Relationship  between  P77/P201  and 
P4VP29B  f°r  deoxidized  titanium  wires. W 
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Ref. 
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437* 

44.5* 

19.7 

Pi., 7,  -  390  nfin 

13 

lasileiski 
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13. 1 

Pi., it  =  414  nQai 

14 

G.  Elssner  et  al. 
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210  ppmO,  20  ppbN 

17 

This  study 

440 

40 

4.6 

30  ppcO.  50  ppnN 

4 

*  :  Extrapolated,  4  :  Interpolated 
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Influence  of  oxygen  on  electrical  resistivity  The  contribution  by  oxygen  to  the  resistivity 
of  titanium,  Ap/c,  determined  in  this  study,  as  well  as  from  the  literatures,  is  given  in 
Table  III.!15'19)  The  calculated  value,  88  nfim/mol%0,  using  the  data  for  clectrolytically 
refined  high  purity  titanium,  which  contained  28,17,22  and  500  mass  opm  oxygen  is  in  fairly 
good  agreement  with  the  reported  data. 

Table  III  Contribution  of  oxygen  to  the  resistivity  of  titanium  at  several 


temperatures  for  various  oxygen  concentration  ranges.  pT  is  the 
resistivity  with  lowest  oxygen  concentration  at  the  measured  temperature. 


A  p/c 

(nQm/molXO) 

T 

(K) 

P  T 

(nQm) 

Oxygen  cone,  range 
(molXO) 

Ref. 

Ames  &  KcQuillian 

113 

293 

470 

1.5 

15 

Tasileiski 

123 

273 

427 

0. 13  -  10 

16 

Elssner  et  al. 

32 

298 

430 

0.063  -  1.0 

17 

Komatsu  et  al. 

101 

77 

60.6 

0. 890  -  3.  2 

18 

Baur  S  Lehr 

103 

20.4 

2.68 

0.009  -  0.32 

19 

This  study 

88 

4.2 

4.60 

0.009  -  0.  15 

4 

Principle 


An  Electrochemical  Deoxidation  Technique 


In  the  calcium-halide  flux  deoxidation  process  mentioned  above,  there  exist  strict 
limitations  on  the  purity  of  flux  and  the  initial  oxygen  content  of  the  titanium  used,  since  the 
ultimate  limit  of  deoxidation  is  dependent  on  the  amount  of  oxygen  present  as  an  impurity  in 
the  flux  and  on  the  amount  of  CaO  produced  during  deoxidation. 

An  alternate  method  for  deoxidation,  expressed  schematically  in  Fig.4,  is  character¬ 
ized  by  both  production  of  calcium  deoxidant  &o>r  the  flux  and  by  effective  removal  of  O2 
(mainly  present  as  CaO  in  the  flux)  dissolved  in  the  flux  by  means  of  an  electrochemical 
technique.!5)  The  deoxidation  reaction  given  in  Eq.(l')  is  thus  facilitated.  By  the  method 
developed  in  this  study,  titanium  in  the  vicinity  of  the  titanium  cathode  is  deoxidized  by  calci¬ 
um  which  is  produced  electrochcmically  on  the  surface  of  the  cathode  according  to  Eq.(8). 
According  to  the  cathodic  reaction,  02~  species  in  the  flux,  present  as  impurities  or  as  the 
deoxidation  product  CaO,  are  continuously  transported  for  reaction  at  the  carbon  anode,  and 
oxygen  in  the  flux  is  removed  from  the  system  as  CO  (or  COj)  gas  by  the  anodic  reaction 
expressed  in  Eq.(9). 


O  (in  Ti)  +  Ca  (in  flux)  = 

Ca2+  (in  flux)  +  O2-  (in  flux) 

d') 

Ca2*  (in  flux)  +  2e~  = 

Ca  (on  Ti  cathode  :  in  flux) 

(8) 

02_  (in  flux)  +  C  (carbon  anode)  = 

CO  (gas)  +  2e- 

(9) 

Unlike  the  calcium-halide  flux 
deoxidation  process,  metallic 
calcium  is  not  necessary  as  a 
deoxidant  since  the  activity  of 
calcium  near  the  cathode  can 
be  increased  by  controlling  the 
applied  voltage  between  the 
titanium  cathode  and  carbon 
anode,  such  that  deoxidation  is 
effected.  In  some  cases,  calci¬ 
um  can  even  be  precipitated  on 
the  cathode.  That  is,  this  elec¬ 
trochemical  method  has  anoth¬ 
er  advantage  in  that  elimina¬ 
tion  of  impurities  originating 


from  metallic  calcium  deoxidant  is  not  a  concern. 

Experimental 

A  schematic  illustration  of  the  apparatus  used  in  the  electrochemical  deoxidation 
method  is  shown  in  Fig.5.  CaCl2  flux  which  had  been  previously  dehydrated  at  473K  under 
vacuum  was  heated  to  1173K.  A  titanium  cathode  and  glassy  carbon  anode  were  then  inserted 
into  the  molten  CaG2  flux.  Deoxidation  of  titanium  cathodes  consisting  of  titanium  samples 
of  various  oxygen  concentrations  (200-1400  mass  ppmO)  was  effected  using  an  applied 
voltage  between  2  and  6V  for  a  time  greater  than  18ks.  The  titanium  samples  obtained  weie 
subjected  :o  oxygen,  nitrogen  and  carbon  analyses  using  LECO  analyzers.  For  the  purpose  of 
increasing  the  accuracy  of  the  oxygen  and  nitrogen  analyses,  lg  of  platinum  foil  containing 
4.5ri.Ong  oxygen  was  used  as  an  extraction  bath  for  each  O.lg  titanium  sample. 

Results  and  Discussion 


Some  representative  results  of  the  experiments  are  listed  in  Table  IV.  Deoxidation  of 
titanium  was  performed  effectively.  Titanium  samples  were  successively  deoxidized  to  a  level 
below  50  mass  ppmO  during  a  reaction  period  of  several  hours.  Among  the  deoxidized 
samples,  some  oxygen-free-titanium  samples  were  obtained,  that  is,  titanium  containing 
oxygen  below  the  detection  limit(about  10  mass  ppmO)  of  analysis  was  produced. 

The  carbon  concentration  was  considerably  increased  after  rcaction(Exp.no.49)  By 
implementing  a  titanium  partition  wall  with  bored  holes  between  the  cathode  and 
anode(Exp.no,17),  or  by  regulating  the  applied  voltage  between  electrodes(Exp.no.46,44,21), 
the  increase  in  carbon  was  lowered. 
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Figure  5  -  Schematic  illustration  of  the  apparatus  used  in  the  electrochemical  deoxidation 
method. 


Table  IV  Results  of  titanium  deoxidation  using  an  electrochemical  technique. 


Exp. 

no. 

Experimental 

conditions 

Oxygen  cone. 

(mass  ppm) 

Nitrogen  cone, 
(mass  ppm) 

Carbon  cone, 
(mass  ppm) 

Initial 

Afer  exp. 

Initial 

Afer  exp. 

Initial 

Afer  exp. 

49 

1223K  /  22ks 

m\m 

<10 

40 

40 

30 

900 

3  5V  /  I.8A 

<10 

20 

20 

50 

670 

17* 

I173K  /  L3ks 
4.0V  /  1.8A 

900 

60 

20 

20 

30 

60 

46 

1223X  /  22ks 

140 

ITl' 

<10 

<10 

20 

20 

3.  OV  /  0.  27A 

1400 

20 

20 

50 

50 

44 

1223K  /  22ks 
2.8V  /  0.  50A 

900 

50 

40 

40 

50 

60 

21 

1173K  /  27ks 

VI 

<10 

20 

20 

30 

30 

2.  8V  /  0.  40A 

100 

20 

50 

50 

70 

*  ■  Ti  plate  eith  bored  holes  was  implemented  between  electrodes. 
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Conclusions 


Titanium  in  the  form  of  wires  and  small  pieces  was  deoxidized  to  a  level  of  20  -  60  mass 
ppm  oxygen  by  use  of  calcium-saturated  CaG2  flux  at  1273K.  The  micro  Vickers  hardness 
value  of  electrolytically  refined  titanium  was  80-90  kgf/mm2  following  deoxidation.  The 
calcium  concentration  in  titanium  remained  unchanged. 

Resistivity  measurements  were  carried  out  at  4.2,  77  and  298K  on  titanium  wires. 
Deviation  from  Matthiessen's  rule  was  observed  for  titanium  samples  with  high  residual 
resistivity.  By  deoxidizing  electrolytically  refined  titanium  wire,  titanium  with  a  high  residual 
resistivity  ratio  (PWP^IWI)  was  produced,  and  the  ideal  resistivities  at  77  and  298K  were 
determined  to  be  40  and  440  nfim,  respectively.  The  contribution  by  oxygen  to  resistivity  at 
4.2K  was  also  measured  by  using  titanium  samples  obtained  in  this  study,  and  determined  to 
be  88  nQm/mol%0. 

An  alternate  method  for  removing  oxygen  dissolved  in  titanium  was  also  developed. 
Titanium  containing  several  hundred  mass  ppm  oxygen  could  be  deoxidized  to  a  level  below 
the  detection  limit  of  oxygen  analysis  (about  lOppm)  by  using  the  electrochemical  technique. 
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man  inteniity  magnetic  removal  or  paramagnetic 


MATERIAL  FROM  RECYCLE  TITANIUM  TURNINOI 


Ronald  Young 

Oragon  Matallurgical  Corporation,  Albany,  Oragon  -  U.S.A. 


Abatract 

Oragon  Matallurgical  Corporation  haa  racyclad  titanium  turninga  ainca  1964 
aa  an  intagral  raw  matarial  in  production  of  titanium  ingota.  Tha  primary 
objactiva,  aftar  having  ramovad  tramp  matarial,  has  baan  to  ramova  high 
danaity  incluaiona.  Thia  objactiva  haa  baan  accomplishad. 

Howavar,  contamination  with  atainleaa  ataal  and  high  nickel  alloys  haa 
baan  an  avar  incraasing  problam.  Cravimatric  and  convantional  magnatlc 
aaparation  ayatama  ara  not  adaquata  to  ramova  thaaa  contaminates  to  an 
acceptable  level  aa  thara  is  more  than  one  type  and/or  aits  of 
contamination  causing  tha  input  matarial  to  have  varying  magnetic 
susceptibility. 

To  address  thia  problam,  Oragon  Metallurgical  Corporation  haa  added  to  its 
matarial  procaasing  system  a  high  intensity  magnetic  separation  device 
that  is  capable  of  aaparation  by  paramagnetic  properties. 


Titanium  '92 
Sciancs  and  Tachnoloay 
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Introduction 

Th#  coat  of  titanium  sponge  and  alloy  additiona  for  titanium  ingot 
production  haa  alwaya  drivan  manufacturer*  of  titanium  ingota  to  utiliza 
an  avar  incraaaing  parcantaga  of  racycla  titanium  turninga  aa  an 
altarnativa  aourca  of  raw  materials.®  Thia  papar  will  damonatrata  ona  way 
to  utiliza  an  optimum  amount  of  titanium  turninga  in  malting  titanium 
ingota. 

Background 

For  tha  firat  twanty  yaara  of  titanium  turninga  recycling,  tha  market  waa 
dominated  by  the  uaa  of  recycle  turninga  aa  faadatock  for  ingot 
production.  During  that  time,  uaara  amphaaizad  tha  need  for  clean, 
aegragatad  turninga  relatively  free  of  contaminant*.  The  determining 
factor  for  uaa  waa  that  tramp  contaminant*  could  not  impact  the  chemiatry 
of  the  ingot.  In  tha  laat  faw  yaara,  tha  incraaaed  uaa  of  titanium  for 
alloying  additiona  haa  ahiftad  both  amphaaia  and  demand.  Now,  tha  volume 
uaa  of  racycla  turninga  ia  for  alloying  additiona  where  tha  amphaaia  on 
low  contamination  ia  not  aa  critical.  Thia  affect*  recycling  for  titanium 
uaaga  two  waya,  a  greater  amount  of  tha  'clean’  material  ia  being  applied 
to  non-titanium  uaaga  and  laaa  amphaaia  ia  being  made  at  tha  aourca  to 
kaep  turninga  aegragatad. 

Turninga  ara  generated  in  machine  ahopa  in  place  at  and  uaara  operation*, 
aa  well  aa  independent  machine  ahopa  aupplying  part*  to  and  uaara.  In  the 
United  Stataa,  moat  of  thaaa  are  aupporting  the  aaroapace  induatry.  In 
aircraft  angina  manufacturing  operation*,  non-magnatic  contaminant*  would 
ba  auparalloya  utilized  in  tha  hot  aactiona  of  tha  enginaa.  Operation* 
aupporting  airframa  manufacturing  would  uaa  high  atrength  ataala,  while 
machine  ahopa  aupporting  induatrial  marketa  may  hava  corroaion  reaiatant 
alloya. 

Whan  machined  titanium  turninga  are  firat  racaivad,  they  are  p  roceaaed 
through  a  ayatam  daaignad  to  remove  a  wide  variety  of  contaminant*, 
ranging  from  oil,  dirt,  raga,  papar  cupa,  bottlaa,  and  even  nut  ahella,  to 
non-titanium  matallica  auch  a*  ataala  and  carbide  tool  bit*.0’  A  aerie* 
of  mineral  procaaaing  technique*  ara  uaed  to  remove  thaaa  contaminant*, 
including  cruahing,  waahing,  drying,  acreening  and  gravimetric  and 
magnetic  aaparation. 

Established  procaaaaa  utilizing  aize,  gravimetric  and  magnetic  aaparation 
technique*  hava  bean  ahown  adequate  at  removing  high  deneity  contaminant* 
auch  aa  WC  tooling  aa  wall  aa  N,  Nb,  and  Mo,  and  thoaa  material*  with 
magnetic  characteriatica.  Conventional  magnetic  aaparation  uaing  a 
combination  of  electro-permanent,  magnetic  equipment  conaiating  of  plat* 
magnata  with  croaa  bait*  and/or  drum  or  pulley  magnate  uaing  gravitational 
and/or  centrifugal  force  ara  vary  effective  at  removal  of  tramp  material* 
and  other  atrongly  magnetic  contaminant*.  Gravimetric  aaparation 
technique*  are  affective  for  danaity  aaparation  whar*  the  product  i*  of 
uniform  aize,  or  whar*  aufficiant  difference  in  danaity  axiata. 

However,  tha  moat  difficult  contaminant*  to  identify  and  economically 
remove  have  bean  the  metallic  contaminant*  that  are  aimilar  in  geometry 
and  appearance  and  ara  in  the  aiza  rang*  of  the  titanium  turning,  but  do 
not  have  aufficiant  difference  in  danaity  from  titanium  to  allow 
aaparation.  Such  turnings  would  include  stainless  atssl  and  high  nicksl 
alloya®. 

While  gravimetric  and  conventional  magnetic  separation  worka  wall  to 
remove  high  danaity  and  atrongly  magnetic  contaminants,  neither  has  baan 
affective  for  removal  of  material  with  amall,  but  positive  magnetic 
susceptibility.®  Alloy  additiona  in  various  elements  dramatically  alter 
magnetic  susceptibility  thereby  creating  separation  difficulties. 

Although  separation  through  paramagnetic  property  differencee  haa  been 
accomplished  under  controlled  laboratory  tests,  the  concept  was  not 
thought  to  be  feasible  at  an  economic  production  rate.® 
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Under  ideal  condition*,  turning*  generated  from  a  titanium  part,  with  the 
exception  of  interatitiala,  will  have  metallic  level*  identical  to  that  of 
the  originating  ingot.  Thue,  Ti-6A1-4V  turning*  will  have  6%  A1  and  4%  V 
unlaae  contaminated  by  another  alloy.  Tha  alloy  ayatema  that  are 
typically  found  a*  a  croaa  contaminant,  other  than  titanium  alloya,  are 
from  Fe,  Cr,  Ni  baaed  ayatema.  Thua  in  thin  evaluation,  the  tramp  level* 
of  Fe,  Cr,  and  Ni  are  examined. 

The  information  praaanted  in  thia  paper  haa  been  extracted  from  production 
data  on  over  1,000,000  pounda  of  T1-6A1-4V  turning*.  All  lota  were 
proceaaed  under  identical  operating  parameter*.  Upon  completion  of 
standard  operations,  the  lots  were  sampled  and  analyzed  for  chemistry. 
Lots  found  to  contain  a  high  degree  of  contamination  ware  than  run  through 
the  high  intensity  magnetic  system  and  reanalyzed.  The  lots  were  selected 
to  ahow  the  typical  type*  of  paramagnetic  material  contamination  that 
occurs  and  the  af fectiveneaa  of  a  high  intensity  magnetic  system  in 
removing  contaminants  with  paramagnetic  propertiaa. 

Each  lot  represent*  on*  truck  load  of  purchased  recycle  material.  The  lot 
is  broken  down  into  subiota  for  ease  in  processing.  Variatione  between 
aublota  may  and  very  often  does  occur,  due  to  the  method  of  accumulation 
and  tha  types  of  machining  operations  where  the  turnings  are  generated. 

Final  Product  Evaluation 

Tables  I  through  111  will  demonstrate  tha  degree  of  removal  of  various 
paramagnetic  materials  and  tha  results  in  three  different  categories;  high 
Fa  contamination,  high  Ni  contamination  and  low  contamination  levels. 

1.  High  r*  ContimlnaUon 

Table  I  show*  high  contamination  with  well  over  2t  Fe,  as  well  as 
elevated  Cr  and  Ni.  All  three  of  these  element*  were  dramatically 
reduced  by  about  904.  Now,  all  of  the  product  turning*  are  usable 
for  titanium  ingot  production. 

However,  with  this  high  degree  of  contamination,  6.92%  of  the  input 
material  waa  removed.  Although  this  removed  paramagnetic  material 
is  worthless  for  use  in  producing  titanium  ingots,  it  does  have  a 
value  as  a  by-product. 

2.  Hlati  HLJantimtmUpn 

Table  II  *howa  high  contamination  of  Ni  up  to  almost  1%.  After 
removal  of  paramagnetic*,  the  Ni  waa  reduced  by  over  85%,  the  Fe  by 
about  40%  and  tha  Cr  by  about  75%.  Paramagnetic  removal  was  5.82% 
of  the  input  weight. 

3.  Low  contamination  Level* 

Table  III  shows  a  lot  with  low  enough  levels  of  contamination  that 
it  could  have  been  used  In  ingot  production  as  it  was.  However,  it 
was  proceaaed  through  a  high  intensity  magnetic  separator  to 
demonstrate  the  affective  removal  of  paramagnetic  material  even  at 
low  levels.  The  amount  of  paramagnetic  material  removed  was  .52%. 

After  tabulation  and  review  of  the  contaminated  lots,  they  could  have  been 
separated  into  three  categories  baaed  on  the  type  of  contaminant.  They 

are; 

1.  Material  that  has  a  high  level  of  Fe  contamination  with  moderate 
levels  of  Cr  and  Ni  contamination. 

2.  Material  that  has  a  high  level  of  Ni  contamination  with  moderate 
levels  of  Cr  and  Ni  contamination. 

3.  Material  that  has  moderate  levels  of  contamination  in  Fe,  Cr,  and 
Ni. 
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Tha  rasulta  of  analysis  bafora  and  aftar  paramagnetic  saparation  ara 
praaantad  in  tha  following  Figures. 


Fiaura  1  -  fa  Contamination 

Tha  plot  of  Fa  analysis  bafora  and  aftar  paramagnatic  saparation  shows  a 
vary  distinct  saparation  of  tha  thraa  catagoriaa  of  contaminants.  Tha 
high  Fa  contaminant  lots  show  a  vary  flat  curva  indicating  that  tha 
affactivanass  of  tha  saparation  is  not  dapandant  upon  tha  amount  of 
contaminant.  All  of  tha  lots  raportad  in  this  group,  as  shown  by  tha  y 
intsrcapt,  hava  aftar  Fa  lavala  similar  to  thoaa  found  in  ingot  product. 


Fiaura  2  -  Cr  Contamination 

In  this  plot  of  Cr  contamination,  thara  is  graatar  dafinition  batwaan  tha 
lots  with  high  Ni  contaminants  and  tha  lots  having  modarata  contamination 
with  Fa,  Cr  and  Ni. 

Fiaura  3  -  Ni  Contamination 

Finally,  tha  graph  of  Ni  ramoval  distinctly  shows  tha  highar  Ni 
contaminant  lota. 

Tha  rasults  raportad  on  thasa  thraa  graphs  show  that  the  parameters 
utilized  in  tha  paramagnatic  separator  step  ara  vary  afficiant  at  removing 
high  Fa  contaminants  such  as  stainless  steals.  For  these  types  of 
material,  tha  magnetic  system  ia  vary  afficiant  at  saparation  and  is  net 
dapandant  upon  tha  amount  of  contaminant  present.  For  high  Ni, 
contaminants  (alloys  auch  as  Inconel  718)  tha  magnetic  system  is  capable 
of  separating  contaminants  from  titanium  turnings.  However,  reducing 
contaminants  to  low  levels  may  require  several  runs  through  tha  system  to 
ba  affective.  Finally,  contaminants  from  Fa,  Cr,  and  Ni  alloys  without  a 
characteristically  high  Ni  or  Fa  content  are  not  effectively  removed  by 
this  system. 

cpnclmlan 

A  high  intensity  magnetic  separator  can  affectively  remove  contaminates 
with  paramagnatic  proparties  from  titanium  turnings.  Tha  use  of  a  high 
intensity  magnetic  separator  in  a  production  line  has  enabled  Oregon 
Metallurgical  Corporation  to  taka  titanium  turnings  previously  good  only 
for  steal  additive,  and  convert  them  into  a  high-grade  additive  in 
production  of  titanium  ingots.  While  it  has  baan  shown  particularly 
affactiva  at  removing  specific  contaminants,  additional  work  is  necessary 
to  determine  optimum  operating  parameters  naadad  to  ramova  each 
contaminant  group  found. 
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Abstraot 

A  semiproduotion  experimental  oomplex  for  sorting  of  titanium 
sponge  of  fraction  -12+2  mm  has  been  developed  and  put  into 
operation.  The  main  methods  applied  in  automated  sorting  of  ti¬ 
tanium  sponge  are  thermoeleotrio  and  photometric  ones.  Their 
joint  use  permits  effective  removal  of  defective  particles 
from  titanium  sponge. 


Introduction 

One  of  the  important  problems  in  titanium  sponge  production  is 
the  removal  of  defective  inclusions  and  titanium  sponge  partio- 
les  having  an  enhanoed  content  of  impurity  elements.  This  ope¬ 
ration  is  implemented  manually  by  a  visual  ispection  of  crus¬ 
hed  titanium  sponge  flow  on  a  moving  belt.  The  method  of  a  vi¬ 
sual  oontrol  is  subjective  and  insufficiently  reliable. The  re¬ 
alization  of  automated  sorting  on  the  basis  of  objective  signs 
of  separating  quality  and  off-grade  particles  is  an  important 
direction  of  enhancing  titanium  3ponge  lots  quality  guarantee. 

Automated  sorting  of  lump  materials  oonsists  in  rapid  determi¬ 
nation  of  any  physioal  properties  of  sponge  material  relative 
to  its  quality  indioes.  The  methods  of  sorting  widely  used: 
photometrio,  radiometric,  electromagnetic,  X-ray  radiometrio. 

Optical  Properties 

For  titanium  sponge  having  acquired  distinct  and  various  colou 
ring  enhanoed  impurity  contents,  the  main  separation  sign  is 
its  optioal  properties  in  visible  and  adjoining  spectrum  regi¬ 
on.  The  results  of  measurement  of  defective  titanium  sponge  sur 
face  optical  properties, given  in  a  ndmber  of  works, can  not  be 
considered  valid  sinoe  the  measurements  have  been  performed 
without  taking  into  account  the  effect  of  shading  from  pores 
on  the  partiole  surface. This  can  vary  greatly  due  to  the  in- 
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tensity  of  reflected  light  flux  under  measurement.  The  investi- 

fations  of  spectral  characteristics  of  good  quality  and  defec- 
ive  titanium  sponge  surface  reflections  in  ultraviolet  and  vi¬ 
sible  bands  of  wavelength  (220*830  nm)  have  been  studied. Tita¬ 
nium  sponge  specimen  special  characteristics  were  obtained, ta¬ 
king  into  account  the  effect  of  shading  pores,  geometrio  loca¬ 
tion  in  relation  to  souroe  and  detector  of  radiation/relation 
of  reflecting  power  to  impurity  element  content.  Spectral  cha¬ 
racteristics  of  the  following  species  of  titanium  sponge  defeo 
tive  samples  have  been  investigated:  burnt-white,  white-yellowi 
orange,  brown  and  grey  colours;  oxydized  -  blue-violet,  blue, 
different  tints  of  yellow  and  temper  odours;  slimed  -  dark 
and  grey  colours;  with  chlorides  film-having  distinct  salt  in¬ 
clusions  of  white  colour;  iron-rich. 

The  investigation  of  influence  of  different  factors  on  the  re¬ 
sults  of  measurement  of  coefficient  of  reflection  for  surface 
of  defective  and  quality  titanium  sponge  particles  in  an  initi¬ 
al  state  (without  application  of  special  preparation)  has  been 
completed.  The  results  of  measurement  of  coefficient  of  refleo 
tion  are  mostly  influenced  by  porosity.  Measurement  signal  can 
vary  in  several  ways,  depending  on  the  location  at  the  partio- 
le  surface.  Therefore,  the  measurement  of  absolute  magnitudes 
of  coefficients  of  reflection  directly  from  titanium  sponge 
particles  surfaoe  does  not  result  in  exact  information.  The 
measurements  of  the  ratio  of  coefficients  of  reflection  at  two 
wavelengths  are  more  optimum.  This  ratio  Bhows  the  most  abrupt 
change  in  a  wavelength  range  of  250  to  500  nm.  The  coefficient 
of  reflection  in  this  range  changes  between  1.5  to  2.5  times. 
The  spectral  characteristics  of  coefficient  of  reflection  in 
this  range  for  defective  particles  show  a  marked  difference 
from  the  spectral  characteristics  of  quality  titanium.  This 
difference  amounts  to  10-5O,<>  of  the  value  under  measurement 
depending  on  defect  species. 

On  the  basis  of  analysis  of  spectral  characteristics,  the  opti¬ 
mum  conditions  revealing  the  difference  between  defective  tita¬ 
nium  sponge  particles  and  quality  ones  have  been  found.  Burnt 
oxydized,  slimed  and  underseparated  defective  titanium  sponge 
particles  are  better  seen  in  ultraviolet  range  of  spectrum. 
Burnt  oxydized,  and  enriched  with  iron  defective  titanium  spon¬ 
ge  particles  also  can  be  revealed  in  a  visible  range  of  spect¬ 
rum. 

Thermoeleotrioal  Properties 

Because  of  the  complexity  of  creating  conditions  for  effective 
sorting  all  of  the  defective  verities  by  optical  properties, 
other  physical  properties  of  titanium  sponge  were  studied  as 
well.  There  is  a  definite  relationship  between  titanium  elect¬ 
rical  properties  (coefficient  of  thermo-emf,  electrical  resis¬ 
tance,  contact  potential  difference)  and  its  structure,  phase, 
elemental  composition  and  hardness.  Coefficient  of  thermo-emf 
is  the  most  sensitive  to  changes  in  elemental  and  phase  compo¬ 
sition  and  hardness  of  titanium  sponge.  A  linear  relationship 
between  coefficient  of  thermo-emf  and  hardness  of  titanium 
sponge  in  the  range  of  Q0-300  HB  has  been  experimentally  deter¬ 
mined. 


A  5  kg  sample  (about  20000  pieoes  of  tit:  ..Turn  aponge)  has  been 
sorted  out  by  coefficient  of  thermo-emf  by  means  of  a  laborato 
ry  measuring  device.  Initial  titanium  sponge  obtained  0,5% 
particles  with  slime  and  those  enriched  with  iron.  In  sorted 
titanium  sponge  defective  particles  were  absent.  Micro struc¬ 
ture  of  sorted  titanium  sponge  is  represented  by  ^-solid  solu 
tion.  The  results  of  sorting  are  given  in  Table  I, 

Table  I  Sorting  of  Scull  Titanium  Sponge  of  Praotion 
-12  +5  mm  by  Coefficient  of  Thermo-emf 


fssf- 

Material  ent  of 
temf , 
mu  V/K 

Yield, 

Hard¬ 

ness, 

HB 

Impurities 

content,  % 

Fe 

0 

N 

Si 

Ni  i 

Dr 

Initial  (-4)+8 

. 

208 

0.40 

0.20 

0.40 

0.007 

0.05 

0.08 

Sorted  6.5*8 

62.0 

123 

0.05 

0.08 

0.01 

0.004  0.02 

0.01 

Sorted  +4.0*6. 5 

18.0 

170 

0.08 

0.17 

0.03 

0.005 

0.03 

0.01 

Partioles  enriched  with  iron  and  containing  slime  inclusions 
were  easily  separated  from  the  quality  portion  of  titanium 
sponge.  When  coefficient  of  thermoemf  is  changed  within  the  li¬ 
mits  of  4*8  mu  V/K, impurity  content  in  titanium  sponge  partio¬ 
les  correlates  with  the  magnitudes  of  coefficient,  although 
such  particles  do  not  show  significant  visual  differences. 

More  than  95%  of  the  titanium  sponge  particles  having  the  coef¬ 
ficient  of  thermo-emf  below  4  mu  V/K  also  did  not  show  signifi¬ 
cant  visual  differences  from  acceptable  quality  commercially 
pure  titanium  particles,  The  metallographio  investigation,  ho¬ 
wever,  has  shown  that  such  titanium  sponge  haB  structure  with 
distinctive  signs  of  contaminated  titanium:  platelikeness,  po¬ 
lyhedron  bands,  intermetallide  and  carbide  inclusions  having  a 
microhardness  above  500  kg/mm2.  The  investigations  have  shown 
that  thermoelectric  sorting  enables  the  separation  of  not  only 
some  varities  of  defective  partioles  but  also  the  isolation  of 
quality  titanium  sponge  particles  from  the  product  qualified  as 
the  grade  TG-Tv. 


Magnetic  Properties 

The  investigations  of  titanium  sponge  magnetic  properties  have 
been  also  studied.  Averaged  magnetio  susceptibility  of  commer¬ 
cially  pure  titanium  amounts  to  (  3,2*4, 0).10~6cm3/g,  For  indivi 
dual  partioles  having  simultaneously  high  iron  and  oxygen  con¬ 
tent  magnetio  susceptibility  oan  be  an  order  higher  due  to  the 
presence  of  ferromagnetic  phases.  The  devices  are  known  to  sort 
low-intensity  magnetio  materials  having  a  magnetio  susceptibili 
ty  above  10. 10“°om-Vg«  These  devioes  are  not  designed  for  sor¬ 
ting  of  titanium  sponge.  Nevertheless,  during  pilot  magnetio 
separation  of  titanium  sponge  in  the  separator  229PSE,  iron 
content  in  sorted  product  was  lowered  by  0,03-0.11%  in  compari¬ 
son  with  the  initial  one.  The  best  results  were  obtained  for 
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sorting  of  titanium  sponge  with  a  narrow  size  fraotion,  -4+2 
mm,  using  a  laboratory  magnetic  separator  of  improved  design, 
the  sensitivity  of  whioh  is  enhanced  up  to  1.10“°  cm^/g  (Tab¬ 
le  II). 

Table  II  The  Results  of  Testing  of  Magnetio  Separator 
of  Improved  Design 


Material 

Yield, 

Impurities  oontent,% 

% 

Fe 

Si 

Ni 

Gr 

Initial 

- 

0.69 

0.042 

0.015 

0.080 

Magnetio(  with 

defective  partioles) 

27.5 

1.40 

0.070 

0.019 

0.156 

Industrial  product 

48.9 

0.57 

0.038 

0.016 

0.058 

Free  from  magnetio 

fraotion  (pure) 

23.6 

0.10 

0.020 

0.009 

0.040 

Implementation  of  Technologies 

The  investigations  have  shown  that  magnetio  separation  oan  re¬ 
sult  in  a  positive  effeot  when  purifying  titanium  sponge  from 
particles  having  an  enhanoed  impurities  content.  On  the  basis 
of  the  fulfilled  investigations  of  phyBioal  properties  and  the 
evaluation  of  the  possibility  of  using  them  for  automatic  sor¬ 
ting,  photometric,  thermoelectric  and  magnetic  methods  of  tita 
nium  Bponge  sorting  as  well  as  the  corresponding  engineering 
for  the  realization  of  them  have  been  developed. 

Specification  for  prototypes  of  photometric  and  thenmoeleotrio 
separators  is  given  in  Table  III.  Titanium  Institute,  jointly 
with  other  organizations,  has  developed  the  sorting  oomplex  for 
automated  sorting  of  titanium  sponge  of  fraction  -12+2  mm,  and 
the  corresponding  sorting  technology.  The  complex  is  installed 
in  a  titanium  and  magnesium  integrated  plant  and  is  comprised 
of  three  photometrio  separators  for  fractions  -12+8,  -8+4, -4+2, 
respectively,  two  thermoelectric  separators  for  fractions 
-12+8,  -8+4  mm,  and  electromagnetio  roll  separator  for  fraoti¬ 
on  -4+2  mm,  auxil  iary  equipment  and  an  automatic  oontrol  sys¬ 
tem.  Titanium  sponge  of  fractions  -12+8,  -8+4  mm  enters  thermo- 
separators.  A  quality  part  of  sponge  is  fed  to  photoseparatora. 
A  non-quality  part  from  thermoseparators  enters  direotly  a  non 
quality  product  collector  without  further  sorting.  Titanium 
sponge  of  fraction  -4+2  mm  is  sorted  by  photoseparator  and 
electromagnetio  separator.  The  flow  sheet  of  sorting  of  titani¬ 
um  sponge  of  fraction  -12+2  mm  is  given  in  Fig.1,  The  sorting 
complex  allows  removal  of  titanium  sponge  particles  differing 
in  their  surface  reflecting  power  from  those  of  quality  titani¬ 
um,  and  with  a  probability  of  80%,  removal  of  particles  inde- 
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pendent  of  their  outside  appearanoe  having  an  enhanoed  oonten 
of  impurity  elements  (nitrogen,  oxygen,  iron  and  others). 

Table  III  Specification  of  Photometric  and  Thermoelectric 

Separators 


Marne  of  specification  item 

Photometric 

Thermoeleotrio 

separator 

separator 

Particle  size  of  material 
under  sorting,  mm 

-12+2 

-12+4 

Separator  capacity,  kg/h 
-  fraction  -12+2  mm 

180 

120 

-  fraction  -8+4  mm 

75 

60 

-  fraction  -4+2  mm 

20 

Probability  of  removal,  % 

-  defective  particles 

-  particles  with  enhanced  con¬ 
tent  of  impurity  elements 

95-99 

80 

-  quality  material 

20 

20 

Quantity  of  isolated  speotrum 
areas 

2 

Consumed  power,  kVA 

0.460 

13 

Overall  size 

1800x1800x1500  1950x1800x1940 

Mass,  kg 

750 

970 

The  capacity  of  a  pilot  complex  amounts  to  150+180  kg/h.  The 
complex,  in  comparison  with  a  manual  sorting,  permits  reducti¬ 
on  of  impurity  element  content,  enhanoe  uniformity  and  reliabi¬ 
lity  of  titanium  sponge  quality  guarantee  by  the  use  of  spon¬ 
ge  particle  control  for  optioal  and  thermoelectrio  properties. 
The  joint  use  of  thermoelectrio  and  photometric  separators  is 
an  effective  technique  of  removing  defective  partioles.  This 
permits  extraction  of  metal  from  low-grade  titanium  TG-Tv  de¬ 
signed  for  using  in  ferrous  metallurgy.  When  sorting  the  grade 
TG-Tv  having  an  initial  hardness  of  170  HB,  49%  titanium  sponge 
having  a  hardness  of  120  HB  ha«  been  extracted. 

At  present,  works  on  further  improvement  of  titanium  sponge  auto 
mated  control  with  a  view  of  sorting  it  and  evaluating  the  qua¬ 
lity  are  under  way. 
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quality  product 


non-fuality  product 


Figure  1.  Flow  sheet  of  sorting  of  titanium  sponge  of  fraction 
-12+2mm 

1  -  hopper;  2  -  tny  feeder;  3  *  vibrating  scree n;  4  -  thermoelectric  separator; 

5  -  bucket;  6  -  electromagnetic  roll  separator;  7  -  photometric  separator;  8  -  conveyer. 
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ABSTRACT 

As  part  of  the  foundation  programme  at  the  Interdisciplinary  Research  Centre  (IRC)  in  Materials 
for  High  Performance  Applications  at  The  University  of  Birmingham  several  Ti  Alloys  have  been 
plasma  melted  and  cast  into  ingots.  Plasma  cold-hearth  melting  (PACH)  has  been  evaluated  to 
determine  its  effect  on  the  chemistry,  microstructure,  homogeneity  and  macrostructure  of  the  as 
cast  ingot.  Ti  alloys  including  CP-Ti  (Grade  4),  IMI-318  (Ti-6-4),  IM1-834,  super-a2,  and  y-Ti, 
have  been  plasma  melted  and  cast  into  100  mm  or  150  mm  ingots  up  to  500  mm  long.  Elemental 
compacts,  master  alloy  compacts  and  previously  vacuum-arc  melted  (VAR)  material  has  been 
used  as  feed  stock.  Plasma-VAR,  VAR-plasma  and  plasma-plasma  melting  schemes  have  been 
used  to  produce  Ti  alloy  ingots.  These  ingots  have  been  examined  as  discussed  above  and 
compared  to  commercially  available  material.  The  details  of  this  analysis  will  be  provided. 

INTRODUCTION 

The  use  of  Plasma-Arc  Cold-Hearth  (PACH)  melting  of  Titanium  has  reached  production 
scale  in  the  last  few  years  and  furnaces  capable  of  melting  and  casting  ingots  up  to  5000  kg  are 
now  in  use1.  A  PACH  furnace  operates  in  much  the  same  way  as  an  Electron-Beam  Cold- 
Hearth  (EBCH)  furnace,  except  transferred-arc  plasma  torches  are  used  in  place  of  electron  beam 
guns,  and  melting  takes  place  under  an  atmospheric  pressure  of  inert  gas  rather  than  in  vacuum2. 
The  feed  material  for  these  furnaces  may  include  loose  sponge,  compacted  material,  recycled 
scrap  or  ingot. 

The  IRC  PACH  furnace,  a  schematic  of  which  is  shown  in  figures  1,  melts  and  casts 
ingots  of  high  performance  materials.  Titanium  alloys  have  been  the  principal  materials  of 
interest  in  the  programme,  but  several  nickel  and  iron  alloys  have  also  been  melted  for 
evaluation.  The  furnace,  supplied  by  Retech,  Inc.,  Ukiah,  CA,  is  powered  by  two  150  kW 
transferred-arc  plasma  torches.  The  plasma  torch  located  over  the  hearth  melts  the  feedstock  and 
the  plasma  torch  over  the  crucible  hot  tops  the  ingot  that  is  being  formed.  Feed  material  can 
consist  of  ingots  or  compacts.  Most  of  the  ingots  melted  for  this  study  have  been  previously  cast 
in  the  furnace  from  compact  feedstock,  but  VAR  material  has  also  been  used.  Titanium  alloy 
compacts,  supplied  from  IMI  Titanium  Ltd.,  were  made  by  pressing  together  master  alloys  or  the 
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alloy  elements  (Ti  portion  being  sponge).  A  more  detailed  description  of  the  furnace  has  been 
given  elsewhere  3. 

Helium  is  used  as  the  plasma  gas  but  the  furnace  is  backfilled  and  continuously  purged 
with  Ar  to  maintain  a  positive  pressure;  both  gases  are  vented  to  the  outside  of  the  building. 
Helium  consumption  has  been  measured  to  be  about  40  slpm  for  each  plasma  torch.  Gas 
recirculation,  an  option  with  a  plasma  furnace,  was  not  considered  economical  due  to  the  low  He 
consumption  rates. 


The  normal  operation  of  the  IRC  PACH  furnace  begins  with  loading  ingots  or  compacts  in 
to  the  feed  chamber.  While  the  furnace  is  open,  each  torch  is  inspected  for  wear  and  water  leaks, 
as  well  as  the  hearth  and  crucible  assemblies.  The  torch  start  up  positions  and  torch  patterns  are 
checked  by  watching  each  torch  as  it  is  stepped  through  the  motion  sequence,  as  discussed  by  M. 
E.  Schlienger*.  The  furnace  doors  (melt  chamber,  feeder  and  withdrawal  chambers)  are  then 
bolted  shut  and  the  furnace  is  evacuated  by  a  roots-blower  mechanical-vane  vacuum  pump 
combination.  The  pump  down  time  depends  on  the  type  of  feed  stock,  amount  of  time  the 
chamber  was  open  and  the  amount  of  maintenance  that  was  carried  on  during  the  last  change  over 
(water  exposure).  Normally,  a  pump  down  is  performed  overnight  to  achieve  <  20  ubar 
pressure  in  the  chamber. 

Prior  to  furnace  start  up,  the  exit  gas  analysers  (O2,  H2,  H2O)  are  warmed  up  by  passing 
He  gas  through  them.  Initially  a  five  minute  leak  up  rate  (LUR)  is  performed  to  determine  the 
turnace  integrity.  An  acceptable  LUR  value  is  <  5  ubar  /  min,  otherwise,  the  system  is  examined 
to  find  and  repair  leaks.  After  a  satisfactory  LUR  is  obtained,  the  furnace  is  back-filled  with  Ar 
to  i05  kPa.  The  exit  gas  analysis  system  is  then  used  to  measure  O2.  H2  and  H2O  contents  as 
Ar  is  purged  through  the  furnace.  The  level  of  these  gases  should  be  <  10  vppm  for  02  and  H2 
and  <  50  vppm  for  H2O  prior  to  melting.  During  operation  H2  and  H2O  levels  increase  due  to 
moisture  in  the  feed  stock  (particularly  Ti  sponge)  or  from  residual  moisture  on  the  furnace 
walls.  As  shown  in  figure  2,  each  of  the  exit  gas  levels  are  originally  within  startup 
specifications,  but  as  the  melting  proceeds,  the  furnace  heats  up  the  walls  and  feed  material, 
releasing  H2O  into  the  furnace  atmosphere  which  reacts  with  the  Ti,  liberating  H2  into  the 
furnace  chamber.  H2  levels  as  high  as  400  vppm  have  been  observed  but  have  had  little  effect  on 
the  interstitial  pickup  of  H2  in  the  cast  ingot,  as  discussed  later.  The  H2O  reading  rises  slightly 
during  the  first  part  of  the  run.  then  begins  to  drop  off  as  moisture  is  removed  from  the  feedstock 


and  chamber  walls.  In  order  to  reduce  the  initial  moisture  in  the  system,  longer  pump  downs  can 
be  used,  the  chamber  walls  can  be  heated  during  pumping  and  continuous  operation  could  be 
carried  out. 


ingot  of  Super  -  02,  (Note,  H2  levels  are  x  10), 


The  melting  operation  begins  after  the  exit  gas  requirements  are  obtained.  Helium  gas  and 
water  are  supplied  to  the  torches.  Adequate  flows  satisfy  interlocks  for  the  power  supplies, 
allowing  them  to  be  energised.  Each  torch  is  then  tested  electrically  by  raising  it  about  100  mm 
then  pressing  the  start  button.  With  the  power  supplies  saturated,  a  small  voltage  drop  should  be 
observed,  indicating  satisfactory  pilot-arc  ignition  and  no  insulation  break-down.  Upon 
successful  completion  of  the  pilot-arc,  the  torches  are  returned  to  their  start-up  position  and  the 
power  supplies  are  turned  off. 
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Operating  parameters  for  both  plasma  torches  while  remelting  100  mm  diameter  ingot 
of  Super  -  a2  into  the  150  mm  diameter  crucible. 


Initiation  of  the  melting  process  begins  by  again  energising  the  power  supplies  and 
selecting  a  setting  of  50%.  Depressing  the  start  button  establishes  an  arc  between  a  graphite 
starter  block  and  the  torch  electrode.  Current  is  adjusted  to  about  350  amps  prior  to  pressing  the 
sequence  button.  Under  computer  control,  through  servo-hydraulics,  the  torch  moves  from  the 
start-up  block  over  the  material  in  the  hearth  in  an  oblong  type  pattern.  The  current  is  then  raised 
to  about  500  amps  to  obtain  a  stable  arc  and  maintain  proper  heat  input  to  establish  a  molten  poo) 
in  the  hearth.  When  a  molten  pool  is  established,  material  may  be  fed  into  the  hearth.  The  torch 
then  moves  in  a  sequence  of  separate  patterns,  a  crossing  pattern  to  melt  the  feed  material,  an 
oblong  pattern  to  keep  the  hearth  bath  molten  and  a  sweeping  motion  to  move  the  material  out  of 
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the  hearth  into  the  crucible.  Enough  material  has  to  be  cast  into  the  crucible  in  order  to  cast  a 
dove  tail  shape  to  lock  on  the  withdrawal  ram. 


With  sufficient  material  covering  the  dovetail,  the  crucible  torch  is  started  in  a  similar 
fashion  to  the  hearth  torch.  The  crucible  torch  pattern  is  a  circular  motion  over  the  ingot  surface 
in  the  withdrawal  crucible  at  a  current  level  of  about  400  amp  (depending  on  the  alloy  being 
melted).  Data  from  a  super-cn  melt,  shown  in  figure  3,  displays  the  operation  described  above. 
The  crucible  torch  is  also  used  to  clear  the  notch  between  the  hearth  and  crucible.  A  stirring  coil 
applies  an  electromagnetic  field  around  the  crucible,  interacting  with  the  current  passing  through 
the  plasma  to  the  ingot  surface  (Bxj)  causing  the  molten  metal  to  rotate  around  the  plasma 
impingement  area.  The  stirring  coil  is  programmed  to  reverse  directions  of  the  field  periodically 
to  ensure  a  more  uniform  microstructure.  Concurrently,  a  withdrawal  velocity  is  selected  to 
match  the  melt  rate  of  the  system.  Superimposed  on  the  withdrawal  velocity  is  a  dither  motion  to 
prevent  sticking  in  the  crucible.  Stirring,  withdrawal  velocity  and  dither  are  all  computer- 
controlled  functions.  The  importance  of  withdrawal  control  has  been  discussed  elsewhere5. 
Withdrawal  velocities  of  about  (12.5  mm  /  min)  have  been  obtained  for  a  cast  of  150  mm 
diameter  ingot  of  super  -  «2.(Figure  4).  Note  that  it  took  almost  18  minutes  to  establish  a  melt 
pool  and  cast  a  dove-tail. 


Figure  5  a)  Macrographs  from  a  100  mm  diameter  IM1-318  ingot  -  axial  direction,  and  b)  150 

mm  diameter  1MI-318  ingot  -  radial  direction. 

Ingot  Production 


Commercially  Pure-Ti  (Grade  4),  IMI-318,  IM1-834,  rTi  and  super  a2-Ti  have  been 
plasma  melted  and  cast  into  100  mm  or  150  mm  diameter  ingots  for  macrostructural  and  chemical 
analysis.  The  plasma  melted  y-Ti  and  super  n2-Ti  ingots  will  be  thermomechanically  processed 
and  then  tested  to  compare  them  with  the  commercially  available  material6-7-8.  Further  studies 


will  involve  processing  these  plasma  melted  Ti  aluminide  alloys  by  the  powder  metallurgy  (PM) 
and  sprayforming  routes9-10. 

The  raw  materials  for  this  programme  included  VAR  ingot,  Ti  sponge,  master  alloys  and 
elements.  The  Cp-Ti  trials  were  conducted  using  VAR  ingot.  The  IMI-318  compacts  were 
composed  of  Al/V  master  alloy,  A1  shot,  TiC>2,  Ti  sponge  (Mg  reduced)  and  Fe  wire.  For  the 
IM1-834  programme,  compacts  were  comprised  from  DTL  granules  (Na  sponge),  Zr  sponge, 
Nb/Al/Si/Ti  and  Al/Si  master  alloys.  Super  Pure  (Sp)  Al,  Sn,  Mo  and  C  powder.  The  aluminide 
compacts  consisted  of  DTL  granules,  Nb/AI  master  alloy,  Mn  flakes  and  Sp  Al  for  gamma-Ti 
and  the  super-a2  master  alloy  compact  contained  Ti  sponge,  DTL  granules,  Nb/AI,  V/Al,  Al/Si 
master  alloys,  Sp  Al  and  Mo  powder  while  the  super-a2  elemental  compact  had  Ti  sponge,  DTL 
granules,  V/Al  master  alloy,  Nb  swarf,  Sp  Al,  Mo  and  Si  powder. 

Initial  Trials  Cp-Ti  &  IMI-318 

Commissioning  trials  were  undertaken  using  ingots  of  CP-Ti.  Initial  results  show  little 
change  in  the  oxygen  and  nitrogen  concentrations  during  plasma  melting  and  good  O2 
homogeneity.  Similar  chemistry  results  were  obtained  from  an  ingot  of  IMI-318  melted  from 
sponge  compacts,  as  discussed  before3.  Macrostructural  examination  of  the  IMI-318  ingots 
revealed  the  presence  of  equiaxed  grains  on  the  exterior  edge  of  the  ingot,  while  the  grains 
towards  the  centre  were  elongated  in  the  axial  direction  (Figure  5(a))  and  equiaxed  in  the  radial 
direction  (Figure  5(b)).  This  is  typical  of  the  microstructure  to  be  expected,  where  the  finer 
equiaxed  grains  are  formed  from  the  high  thermal  gradient  present  when  in  contact  with  the 
crucible  wall  and  the  elongated  central  grains  grow  more  slowly  in  the  core  where  the  thermal 
gradient  is  lower.  Ingot  surfaces  in  general  were  good,  the  best  comparable  with  VAR.  Porosity 
was  found  through  out  the  IMI-318  ingot,  similar  to  IMI-834  ingots  and  will  be  discussed  later. 


Tabic  #1,  Specifications  and  Chemistry  results  from  IMI-834  melting  programme. 
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IMI-834  Melting 

A  programme  forevaluation  of  IMI-834  ingots  included  single  plasma-melt  from  compacts, 
plasma-melting  of  compacts  followed  by  another  plasma-melt  (double  plasma),  plasma-melting 
of  compacts  followed  by  a  VAR  melt,  a  triple-melted  VAR  followed  by  a  plasma  melt,  and  triple 
VAR.  The  chemistries  of  the  various  IMI-834  ingots  produced  are  given  in  Table  1,  along  with 
the  alloy  specification.  As  can  be  seen  from  the  values  in  the  table,  plasma  melting  produced 
homogeneous  ingots  with  in-spec,  chemistries  in  most  cases.  In  Melt  #  23  a  high  Zi 
concentration  was  found,  most  likely  due  to  incomplete  melting  of  the  Zr  sponge.  A  double 
plasma-melt  (Melt  #  32)  shows  good  homogeneity,  and  compares  well  with  triple-melted  VAR 
and  the  plasma- VAR  combinations.  Notice  that  the  C  concentration  in  Melt  #31  (plasma  melted 
VAR)  is  consistently  higher  than  the  VAR  remelt  of  Melt  #23  or  any  of  the  other  ingots  produced 
using  plasma  as  a  primary  melt.  It  has  been  pointed  out  that  a  small  C  buildup  is  normal  for 
VAR,  therefore,  C  in  the  compacts  was  mixed  at  a  low  level  (0.04%)  to  allow  for  this  pickup11. 
Chemistry  irregularities  observed  in  single  melted  ingots  can  be  attributed  to  the  dwell  time  in  the 
molten  pool  which  is  small  because  of  the  size  of  the  IRC  plasma  hearth. 

Macrostructures  of  IMI-834  ingot  cross  sections  in  figure  6  show  that  the  grain  size  of  the 
double  plasma  ingot  (c)  is  much  finer  than  the  plasma-VAR  ingot,  (a)  and  similar  to  the  VAR- 
plasma  (b)  suggesting  that  a  plasma-melt  has  a  favourable  effect  on  reducing  grain  size  for  this 
alloy.  This  could  have  a  favourable  effect  in  the  subsequent  processing  of  the  alloy.  In  all  cases 
for  plasma-melted  IMI-834,  ingot  surfaces  were  very  good. 


Figure  6  Macrographs  of  the  cross-sections  of  150  mm  diameter  IMI-834  ingots  produced  by 
a)  VAR  of  a  single  plasma  ,  b)  plasma  melt  of  a  triple  VAR  and  c)  double  plasma. 


Porosity  was  found  in  the  plasma-melted  ingots  of  I  MI-3 1 8  and  IMI-834,  as  mentioned 
earlier.  An  example  of  the  porosity  observed  in  a  100  mm  diameter  double  plasma-melted  ingot 
of  IMI-834,  is  shown  in  Figure  7  (b).  Similar  porosity  had  been  found  before  in  the  IMI-318 
plasma-melted  ingots  as  mentioned  before.  As  shown  in  Figure  7  (a),  porosity  was  also  found 
in  a  plasma-VAR  IMI-834  ingot.  There  was  concern  that  this  porosity  was  due  to  gas 
entrapment  introduced  during  the  plasma-melting  of  these  ingots.  Gas  analysis  was  performed 
on  several  plasma-melted  specimens;  IMI-318,  IMI-834,  Ti-48-2-2  and  Super-ai-  The  results  of 
the  Ar  gas  analysis,  performed  at  INCO  Alloys  Ltd.,  Hereford,  U.  K...  were  found  to  be  less 
than  detectable. 

An  additional  test  was  performed  to  determine  the  source  of  the  porosity.  Samples  from 
double  plasma-melted  and  plasma-VAR  ingots  (Figures  7  (a)  and  (b))  were  each  HIP'd  at  965°C 
at  100  MPa  for  lh.  As  shown  in  figures  7  (c)  and  (d),  after  the  Hipping  operation,  no  porosity 
can  be  observed.  These  samples  were  then  vacuum  annealed  at  1200°C  for  16h,  again  no 
porosity  was  observed  (Figures  7  (e)  and  (f)).  Since  inert  gases  are  insoluble  in  Ti,  the  vacuum 


2,798 


anneal  should  have  allowed  the  compressed  gas  to  reopen  the  pores  which  were  closed  during 
Hipping.  This  is  similar  to  the  Thermally  Induced  Porosity  (TIP)  checks  for  gas  porosity  carried 
out  on  gas  atomised  Ni-based  superalloys.  Since  no  porosity  was  observed  in  the  vacuum 
annealed  condition,  it  is  concluded  that  the  pores  must  have  originated  from  interdendritic 
solidification  shrinkage. 
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Figure  7  Micrographs  of  IM1-834:  a)  As  cast  (PACH  -  VAR),  b)  As  cast  (PACH  -  PACH),  c) 
HIP  .it  96S°C  KM)  MPa  -  lh  (PACH  -  VAR),  d)  Hll’  g  963*C  -  KM)  MPa  -  lh 
(PACH  -  PACH),  e)  Vacuum  Anneal  at  litMM’C  -  Ibh  (PACH  -  VAR),  0  Vacuum 


Anneal  at  1 2CMP*C  -  16h  (PACH  -  PACH). 


Supcr-q;  Melting 

Super  uj-Ti  ingots  produced  by  plasma  melting  exhibited  a  fine  uniform  grain  structure  in 
the  radial  cross  section  and  grains  that  were  somewhat  elongated  in  the  l''..gi(udina!  direction,  as 
shown  before’.  The  ingot  surfaces  were  excellent.  The  plasma  melted  ingot  structure  is  more 
refined  than  that  of  VAR  for  this  alloy,  for  these  sizes  of  ingots.  In  the  main,  this  can  be 
attributed  to  the  solidification  control  of  the  plasma  torch  hot  topping  the  ingot  in  the  withdrawal 
crucible,  but  may  be  also  in  part  due  to  the  size  of  the  ingot  (KM)  mm  diameter)  and  the  low  melt 
rale  ( 1  kg/m  in). 


Table  2:  Blend  levels  and  chemical  composition  of  plasma  melted  Super-aj  (wt%). 
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A  1 

Nh 

V 

Mo 

02 

N, 

Hi 

HI  IMI  1  IM-I 

14  2 

20  0 

3  2 

2.0 

0  0600 

mi  1  t  •:* 

TOP 

14  4 

19  0 

3  IS 

1  93 

0  065 

0.0040 

0  0010 

SINtil  1  PLASMA 

Mil) 

14  2 

19  ) 

3  17 

1  90 

0  065 

0  0035 

0  0010 

most  (  OMPAt  is 

BOX 

14.3 

19  3 

3  14 

1  92 

0  065 

0  0035 

0  0015 

TOP  TOP  Centre  OF  Ingot.  MID  MIDDLE  Centre  OF  Ingot.  BOT  BOTTOM  Centre  OF  Ingot 


Overall,  chemistry  results  for  the  super  ai-Ti  were  very  good,  as  shown  in  Table  2.  Even 
in  a  single  plasma-melt  good  homogeneity  can  be  observed.  It  should  also  be  pointed  out  that  the 
interstitial  content  of  H;  and  N;>  were  excellent  and  only  a  50  ppm  pickup  of  O2  was  measured. 


These  results  were  obtained  with  the  furnace  exit  gas  containing  2  to  3  vppm  O2, 43  vppm  H2O 
and  up  to  350  vppm  H2. 


Gamma  -  Ti  (48-2-21  Melting 

Ingots  of  y-Ti  were  produced  by  plasma  melting  Ti  sponge  and  master  alloy  compacts.  As 
in  the  super  a2-Ti  ingots,  the  chemistries  were  very  good.  Again,  with  relatively  high  H2  levels 
(400  vppm)  in  the  chamber  atmosphere,  the  interstitial  H2  content  was  barely  detectable. 
Minimal  O2  pickup  was  observed,  even  in  the  double  plasma  melted  ingots,  as  shown  in  Table  3. 


Table  3:  Blend  levels  and  chemical  composition  of  plasma  melted  Ti-  48-2-2  (wt%). 
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2.51 
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1  TOP 
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4.99 

2.96 

■EXUXH 

SINGLE  MELT 

»rIIV 

34.9 

5.11 

2.85 

— 

FROM  COMPACTS 

:  BOT  | 

35.2 

HEKUDHi 

2.69 

HSEHUI 

MELT  #38 

TOP 

33.4 

5.16 

HESEH 

■ijtilifM 

BEHB 

DOUBLE  MELT 

34.8 

b&qh 

2.83 

■iIifikLM 

BExuinH 

FROM  COMPACTS 

BOT 

35.2 

2.71 

flEKUSH 

■iMiliHiM 

<.001  f 

TOP  -TOP  centre  OF  Ingot,  MID-  MIDDLE  Centre  OF  Ingot,  BOT-  BOTTOM  Centre  OF  Ingot 


Conclusions 

PACH  has  shown  to  be  a  valuable  tool  in  producing  complex  Ti  alloys  such  as  IMI-834. 
Results  to  date  indicate  that  PACH,  under  the  conditions  employed  does  not  introduce  inert  gas 
porosity.  Chemical  control  and  homogeneity  were  found  to  be  very  good  in  the  PACH  material. 
Preliminary  results  also  suggest  that  PACH  has  the  added  benefit  of  producing  ingot  material 
with  smaller  grain  size  than  VAR,  which  could  be  important  in  structural  development  during 
subsequent  thermomechanical  processing. 
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Recent  Improvements  in  the  Economics  of  Plasma  Melting 


R.  C.  Eschenbach,  M.E.  Schlienger  and  R.  E.  Haun 
Retech,  Inc. 


Abstract:  In  recent  years,  plasma  melting  has  become  an 
important  technique  in  the  production  of  titanium  and  its  alloys. 
Continuing  development  work  has  enabled  improvements  in  the 
econimics  of  plasma  melting  which  are  applicable  to  production 
operations. 


Background:  Improvements  in  plasma  processes  for  melting 
reactive  and  refractory  metals  have  substantially  affected  both  the 
cost  of  melting  and  the  properties  of  the  melted  metal. 

Economic  factors  discussed  below  include  melt  rate,  power  cost, 
consumables,  yield  and  raw  material  cost.  The  melt  rate  achievable 
has  a  strong  effect  on  the  cost  of  melting.  Labor  costs  are  almost 
independent  of  melt  rate;  thus  doubling  the  melt  rate  reduces  the 
labor  cost  per  pound  almost  a  factor  of  two.  Increasing  the  melt 
rate  usually  also  reduces  the  specific  power  cost.  Consumables 
include  plasma  gas  consumption,  torch  replacement  parts  and 
maintenance  of  furnace  equipment.  Final  product  yield  depends  on 
surface  finish,  chemistry  uniformity,  shrinkage  porosity, 
evaporation  loss  and  ingot  shape.  Raw  material  costs  can  be 
reduced  if  the  process  permits  achieving  product  quality  standards 
while  feeding  lower  cost  material,  e.g.  dirtier  material. 

Quality  factors  also  affect  economics  of  the  total  process,  even  if 
they  may  not  change  melting  cost  per  pound.  A  reduced  grain  size 
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or  greater  freedom  from  inclusions  affects  down-stream  processing 
cost  and  customer  acceptability,  thus  changes  in  these  are  also 
important. 

Technology  Improvements  Since  1986:  One  of  the  most 
striking  improvements  in  the  rate  of  melting  titanium  was  the 
substitution  of  helium  for  argon  as  the  plasma  torch  gas.  This  was 
first  tried  at  Oregon  Metallurgical  Corporation  in  their  PASER 
(Plasma  Arc  Single  Electrode  Remelt)  furnace,  made  by  Retech. 

Data  on  the  effects  of  arc  gas,  pressure  and  current  in  a  lab-size 
furnace  were  presented  at  the  1986  Pittsburgh  Vacuum  Metallurgy 
Conference^).  When  melting  titanium  at  pressures  near 
atmospheric,  the  melt  rate  with  helium  was  about  twice  that  with 
argon  at  the  same  torch  current  and  standoff.  The  difference 
between  argon  and  helium  in  specific  power  to  melt  is  less  than  for 
the  melt  rate,  since  arc  voltage  is  greater  in  helium  than  in  argon. 

Subsequent  to  the  1986  study,  additional  work  on  the  effect  of 
furnace  pressure  on  melt  rate  showed  that  reducing  the  furnace 
pressure  from  1100  millibar  to  200  millibar,  in  helium  at  constant 
current,  reduced  the  melt  rate  when  standoff  was  held  constant, 
but  increased  the  melt  rate  when  voltage  (and  thus  power)  was 
held  constant^).  Data  from  the  two  papers  is  replotted  in  figure  1. 

It  is  believed  that  the  pronounced  difference  between  helium  and 
argon  in  melt  rate  results  from  the  factor  of  ten  ratio  in  molecular 
weights;  helium's  low  molecular  weight  results  in  much  higher 
thermal  conductivity  and  decreased  radiation  loss.  This  low 
molecular  weight  also  results  in  a  higher  torch  gas  flow  rate  with 
helium  at  similar  pressure  and  geometry. 

At  the  1987  Electron  Beam  meeting  in  Reno  (3),  successful  use  of  a 
gas  recirculation  system  for  the  RP-250T  torch  was  reported.  Using 
a  makeup  flow  rate  of  6%,  the  cost  of  the  helium  flowing  through 
the  melt  torch  was  reduced  from  $  134/hr  (48  NmVhr  x 
$2.82/Nm3)  to  $8/hr.  The  melt  rate  was  198  kg/hr  and  the  power 
to  the  melt  torch  was  270  kW  (290  kW  including  power  supply 
losses).  Thus  power  cost  to  melt  at  $. 10/kWh  was  1 4.8^/kg.  Gas 
cost  would  have  been  68tf/kg  without  recirculation  and  only 
4. 1 0/kg  with  recycle  and  6%  makeup.  Table  1  below  gives  data  for 
production  size  furnaces  on  the  importance  of  gas  cost  with  respect 
to  power  cost  as  affected  by  recycling. 
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TABLE  1  -  GAS  RECYCLE  ECONOMICS 


CONSOLIDATION 

MELT 

HEARTH 

MELTING 

NUMBER  OF  TORCHES 

1 

3 

MELT  RATE  kg/hr 

700 

700 

TOTAL  POWER,  kW 

800 

2000 

TOTAL  GAS  FLOW  RATE  Nm3/hr 

70 

210 

MAKEUP  FLOW  RATE  Nm3/hr 

2.1 

6.3 

GAS  COST/POWER  COST*  -  NO  RECYCLE 

EUR.  /US. 

7. 0/3. 5 

8.4/4. 2 

GAS  COST/POWER  COST*  -  RECYCLE** 

EUR./U.S. 

0.2/0. 1 

0.25/0.12 

*  Assuming  lNm^  He  costs  80  x  1  kWh  in  Europe,  40  x  1  kWh  in 
US. 

**Assuming  3%  makeup 

Subsequent  work  with  a  number  of  production  systems  has  shown 
that  the  makeup  rate  for  such  systems  averages  2%  to  3%. 
However,  if  feed  stock  has  perceptible  moisture  or  contains 
hydrided  scrap,  the  hydrogen  concentration  in  the  recycle  gas  can 
build  up  to  levels  where  hydrogen  content  of  the  ingot  is  too  high. 
Then,  addition  of  hydrogen  removal  equipment  to  the  gas  recycle 
system  is  desirable.  Figure  2  shows  the  elements  of  a  helium 
recycle  system  which  removes  particulates,  hydrogen  and  water. 

Electrode  lifetime  with  hollow  electrodes  has  been  increased  by 
some  refinements  in  electrode  configuration  and  gas  injection 
geometry.  Lifetime  for  the  production  size  RP-600T  are  typically 
200  to  300  hours  at  2500  to  3000  amperes.  Lifetime  with  the 
pilot-size  RP-250T  at  1200  to  1500  amperes  was  initially  15  to  20 
hours,  but  has  been  increased  to  at  least  80  hours.  Similar 
refinements  of  the  RP-75T  electrode  have  increased  its  life  from  8 
hours  to  more  than  30  hours,  occasionally  75  hours. 
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The  yield  of  forgeable  ingot  from  plasma  hearth  melted  material 
depends  on  surface  smoothness  (laps  or  variations  in  ingot 
diameter  may  have  to  be  machined),  presence  of  solidification  voids 
(sometimes  found  on  the  centerline  about  half  an  ingot  radius 
below  the  top  surface  if  power  is  shut  off  abruptly)  evaporation 
losses  and  on  whether  any  ingots  are  rejected  for  being  outside 
chemical  or  inclusion  specifications. 

An  investigation  carried  out  jointly  by  Pratt  &  Whitney  Division  of 
UTC  and  Retech  (4)  brought  out  important  parameters  for  achieving 
smooth  surfaces.  The  work  showed  that  surface  quality  with 
helium  was  much  better  than  with  argon.  Subsequent  production 
experience  has  show  that  surface  finish  of  withdrawn  ingots  can  be 
comparable  with  the  best  practice  with  stationary  cast  ingots  (as  in 
VAR).  The  1990  program  (4)  showed  that  selection  of  optimum 
parameters  resulted  in  an  rms  roughness  of  only  125  micrometers. 

Shrinkage  voids  have  been  found  on  axis  about  half  the  ingot  radius 
below  the  top  surface  when  casting  has  been  abruptly  stopped  and 
the  ingot  torch  current  has  been  simultaneously  abruptly  changed 
to  zero.  However,  a  hot-top  achieved  by  reducing  the  power  of  the 
ingot  torch  more  gradually  (i.e.  two  minutes  for  an  eight  inch 
diameter  ingot)  prevents  void  formation.  Such  voids  obviously 
increase  yield  loss. 

Plasma  melting  was  noted  prior  to  1986  as  a  low  evaporation  loss 
process  (5).  Development  and  production  tests  confirm  that  even 
multi-hearth  plasma  melting  results  in  evaporation  loss  rates  for 
titanium  alloys  of  less  than  1%.  The  low  evaporation  rate  both  has 
a  direct  effect  on  production  cost,  and  constitutes  a  "hidden" 
economic  factor  that  can  have  a  significant  impact  on  process 
development  cost. 

In  general,  it  is  difficult  to  gauge  alloy  losses  that  occur  in  a  vacuum 
melt.  This  difficulty  is  compounded  as  the  alloy  system  becomes 
more  complex  and  the  constituent  requirements  are  tightened. 
Typically  multiple  melts  are  required  for  each  alloy  in  order  to 
determine  the  appropriate  amount  of  "sweetening"  to  account  for 
process  losses  of  the  volatile  constituents.  In  addition,  melting 
techniques  must  often  be  carefully  designed  and  meticulously 
followed,  since  even  relatively  small  deviations  from  steady  state 
may  result  in  compositional  inhomogeneities. 


Since  plasma  melting  occurs  at  significantly  higher  pressures,  the 
loss  of  volatile  constituents  is  drastically  reduced.  For  most 
titanium  and  zirconium  alloys,  the  composition  of  the  ingot 
accurately  reflects  the  composition  of  the  raw  materials  fed. 
Plasma's  positive  pressure  capabilities  allow  the  successful 
production  of  such  materials  as  niobium  aluminides.  Plasma's 
ability  to  produce  one  of  a  kind  melts,  in  spec,  has  been  repeatedly 
demonstrated.  This  represents  a  significant  cost  saving  when 
trying  to  bring  a  new  alloy  to  market. 

Since  compositional  control  is  de-coupled  from  molten  metal 
residence  times,  process  fluctuations  due  to  such  items  as  variations 
in  feed  rate  have  little  or  no  effect  on  the  compositional  integrity  of 
the  produced  ingot.  As  a  result  generic  melt  practices  may  be 
successfully  used  for  a  wide  variety  of  alloys.  This  factor  in 
conjunction  with  the  ease  of  attaining  in  spec  chemistry  provides  a 
significant  economic  advantage  in  situations  where  a  diverse  alloy 
mix  and  one  of  a  kind  "specials"  are  expected. 

Using  electromagnetic  stirring  in  conjunction  with  plasma  melted 
ingot  withdrawal  results  in  finer  grains  in  the  ingot.  Benefits 
include  less  tendency  to  crack  during  forging  operations,  i.e.  higher 
yield.  In  addition,  improvements  in  homogeneity  and  micro¬ 
alloying  have  been  reported. 

Current  practice  for  rotating  grade  titanium  alloys  uses  cold-hearth 
melted  (either  plasma  or  electron  beam)  ingots  which  are 
subsequently  melted  once  in  a  consumable  electrode  furnace.  A 
significant  cost  saving  is  achievable  if  the  VAR  step  can  be  omitted. 
As  noted  above,  reducing  the  hydrogen  content  in  the  gas 
recirculation  system  permits  making  single  process  ingots  which 
fully  meet  all  specs  and  which  represent  a  substantial  improvement 
over  the  prior  three-step  VAR  process  in  freedom  from  inclusions, 
reduced  grain  size  and  improved  micro-homogeneity  (i.e.  no 
freckles). 


WHAT  I.IF.S  AHF.AD:  Further  improvements  in  plasma  processing 
of  reactive  and  refractory  metals  are  expected.  Several  possibilities 
have  been  verified  at  development  scale,  but  only  a  small  amount 
of  production  experience  has  been  gained.  Four  primary  items  are 
listed  here. 
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Round  cornered  slabs  have  been  made  by  plasma,  and  offer  the 
possibility  of  reduction  in  down-stream  processing  cost  and  yield 
improvement. 

Powder  made  from  alloys  melted  in  plasma  and  bottom-poured 
may  permit  significant  broadening  of  available  alloy  chemistries, 
due  to  the  characteristics  of  rapidly  solidified  metals. '  Even  with 
conventional  chemistries,  improvements  in  alloy  cleanliness  are 
attainable. 

Extension  to  nickel-base  alloys  should  permit  the  same  advantages 
of  fine  grain  and  good  micro-homogeneity  shown  for  titanium 
alloys. 

Hollow  rounds  have  now  been  made  with  plasma,  following  the 
electron  beam  example,  and  should  offer  some  cost  advantages 
when  making  tubular  shapes. 
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FIGURE  2:  ELEMENTS  OF  A  HELIUM  RECIRCULATION  SYSTEM 
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ABSTRACT 

Kroll  process  Is  practiced  for  commercial  production  of  titanium  metal. 
However,  the  reaction  kinetics  of  the  process  are  not  adequately  known.  In 
this  work  thermochemical  aspects  of  the  process  have  been  investigated.  The 
reaction  temperatures  and  profiles  as  a  function  of  T1C14  feed  rate  have 
been  determined  .The  predictions  on  the  rate  constants  for  Intrinsic  rate 
and  growth  rate  have  been  made. 

INTRODUCTION 

Bulk  of  titanium  sponge  In  the  world  over  Is  produced  by  magnesium 
reduction  of  T1C14  l.e,  by  Kroll  Process  (1).  In  this  process  pure  liquid 
magnesium  contained  In  a  clean  argon  filled  reactor,  reacts  with 
continuously  fed  T1C14  .  The  reaction  product  MgC12  being  denser  than 

magnesium  moves  away  from  the  reaction  surface  and  Is  subsequently  taken 
out  of  the  reactor.  Titanium  metal  Is  deposited  as  a  spongy  mass  which  In 
the  course  of  reaction  also  descends  down  the  reactor. 

Titanium  '9i 
Scianca  and  TacKnt.'oqy 
Edited  by  F.H.  Froat  and  I.  <-opton 
Tba  Minafols,  Matolt  A  Material*  Sociaty,  1993 


The  reaction  process  Is  very  complex  as  It  Involves  many  chemical 
reactions  associated  with  gaseous,  liquid  and  solid  phases.  Attempts  have 
been  made  by  many  Investigators  [2]  to  understand  the  reaction  kinetics  and 
mechanism  .  Studies  on  the  kinetics  of  the  fast  reactions  of  this  type  are 
limited.  However,  studies  relating  to  reduction  process,  heat  transfer, 
structure  and  quality  of  sponge  have  been  reported  [3-11],  In  this  paper  an 
attempt  has  been  made  to  study  the  effect  of  the  heat  generation  and  Its 
transfer  on  the  kinetics  of  the  process.  A  rate  expression  for  the  process 
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TEMPERATURE  PROFILES 

Heat  generated  at  the  surface  of  magnesium  due  to  reaction  between  T1C14 
and  Mg  is  conducted  always  through  the  product  mass.  Convection  and 
radiation  heat  transfer  also  takes  place  due  to  high  temperature  and 
temperature  gradients  and  relative  flow  of  liquids.  In  this  analysis 
however,  only  heat  conduction  Is  considered  and  results  of  rise  in  surface 
temperature  is  taken  for  all  calculations  l.e.  for  estimation  of  mass 
transfer  rate  constant,  surface  reaction  rate  constant  and  exchange  rate 
constant. 


HEAT  CONDUCTION  CALCULATIONS: 


The  unsteady  state  heat  conduction  equation  In  cylindrical  co-ordinates 


Is  written  as 
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This  equation  Is  solved  subject  to  the  convective  boundary  condition, 

+  Kr-V  =  O 

on  the  side  walls  of  the  cylinder  and  the  Initial  condition  T  ■  830C 


everywhere.  Here  1  and  1  are  the  direction  cosines  of  the  normal  to  the 
r  z 

surface,  k  Is  the  thermal  conductivity,  q  the  heat  source  term,  y  density 
and  c  Is  the  specific  heat  of  the  material  and  T  the  temperature,  r  and  z 


are  the  spatial  co-ordinates  and  t  Is  the  time. 


Following  the  usual  way  [14],  the  differential  equation  Is  put  In  the 
matrix  form  as 

KT  +  KT  «=■  p 

where  T  Is  the  matrix  of  nodal  temperatures  and  T  is  the  matrix  of  nodal 

temperature  derivatives.  K  la  the  symmetric  matrix  of  heat  conduction 

coefficients  and  K'  the  symmetric  matrix  of  constant  heat  capacity 

coefficients  and  P  Is  the  vector  of  known  quantities.  Expressing  the  above 

differential  equations  in  finite  difference  form,  we  have 
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the  above  equation  la  solved  for  the  nodal  temperature,  T  at  time  level  n+1 
with  the  knowledge  of  temperature  at  time  level  n.  Bull  DPS  6/850  computer 
at  DMRL  was  used  for  calculating  the  temperatures  at  various  points  of  the 
cross-section  of  the  reactor. 

DISCUSSION: 

The  conversion  of  magnesium  with  time  Is  shown  In  Flg-1  It  Is  seen  that 

ln(l-x)  where  x  Is  fraction  of  conversion  for  magnesium,  has  a  linear 
2 

relationship  with  t  Indicating  generally  the  rate  of  metal  (sponge) 

formation  that  Is  mainly  follows  growth  kinetics.  The  rate  constant  K_ 

-4* 

determined  from  the  slope  of  the  line  was  calculated  at  0.23 — 1.179x10 
In  the  T1C14  feed  rate  range  of  120  to  300  kg/hr.  The  values  of  K  are 
shown  In  Table.  1.  The  values  of  Kg,Ks,Ke  and  Ko  determined  from  the 
temperature  based  relationship  are  also  given  In  Table-I . 
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REACTION  RATE  CONSTANTS 


T  able- 1 


CALCULATED 

VALUES 

EXPERIMENTAL 

Flowrate  of 
TiClt 

Kg/hr 

7»»poraturo  Kg 

•c 

Ki 

•c  Cn/Soc 

Ko 

Cft/Stc 

Ko 

(m/Sfc 

[JS?Wr 

1  ho  J  , 
Cm/Sot2 

Kr 

120 

940 

0  1134 

0  0721 

0  662 

0  0413 

-4 

0  28x10 

-4 

0  23x10 

200 

1103 

0  1191 

0  744 

0  655 

0  091 

-  4 

1  38x10 

-4 

0  536x10 

300 

1360 

0  1253 

5  163 

1  047 

0  1091 

-4 

1  98x10 

-4 

1  177x10 

Tht  rift  iquilio  -  In  |l-x|t  4»7  22  f  W  t2  WHf.-.f  Ko  it  oxtrll  root  lion  r»t«  conotonl  (Cm/Stcl 
l  no  J  I  Hunt: Mel  and  >  Conxomon  of  Mogntoiuiolfr  action) 


Figure  2  shows  the  temperature  profiles  determined  from  the 
calculations.  The  relation  between  K^and  Ko  Is  determined  to  be 


It  Is  seen  as  given  In  the  table  K*&  (Ko]  /ho  are  comparable.  The  rate 

expression  for  the  process  Is  determined  from  the  plot  -ln(l-X)  vs 
2  2 

(ko/ho)  ,t  as, 

-  /r\  (l- *)  =  •<„  (  •JjJ'  )  t 

where  Kn  Is  a  constant.  The  value  of  Kn  Is  determined  as  497.2  and  t  Is 

time  In  seconds.  The  expression  Is  found  valid  for  nearly  70X  conversion 

of  magnesium.  Further  conversion  of  magnesium  Is  determined  purely  by 

magnesium  transparent  rate.  As  In  the  last  stages  of  reaction  period  the 

rate  Is  likely  to  be  very  low  and  hence  no  significant  conversion  Is 

expected.  However,  further  work  le  considered  necessary  to  determine  the 

effect  of  temperature  gradient  across  and  along  the  mass  and  velocity 
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profiles  of  the  reacting  species  on  conversion  of  magnesium  and  the 
progress  of  the  reaction. 


CONCLUSION 


By  finite  element  analysis  the  temperature  of  magnesium  surface  as 
function  of  T1C14  feed  rate  has  been  predicted.  The  predicted  temperatures 
were  used  to  determine  the  Intrinsic  reaction  rate  constants.  A  rate 


equation  for  the  estimation  of  conversion  of  magnesium  from  the  Intrinsic 
rate  constants  has  been  proposed. 
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NOMENCLATURE 
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:  stoichiometric  constant  of  the  reaction 
:  conversion  rate  constant 
:  cross-sectional  area  of  the  reactor 
i  time  In  seconds 

:  number  of  moles  of  magnesium  at  any  Instant 
:  molar  volume  of  T1C14 
:  density 

:  Initial  magnesium  level  Inside  the  rector 
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Abstract 

The  solidification  structures  and  segregation  of  the  VAR  cast  ingot  of  Ti-6A1- 
6V-2Sn  alloy  were  investigated  by  using  a  new  etching  technique  with  a  high 
concentration  of  hydrofluoric  acid.  Segregation  of  Fe  and  Cu  is  remarkable 
in  the  zone  of  equiaxed  grains  in  the  center  of  ingot.  To  minimize 
segregation,  the  authors  propose  a  VAR  procedure  of  casting  at  a  faster 
solidification  rate  and  a  greater  temperature  gradient  by  the  use  of  a 
consumable  electrode  tapered  to  the  stick  during  hot  topping. 
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Introduction 


To  improve  the  quality  and  reliability  of  titanium  alloy  products,  efforts  have  been  made  to 
reduce  the  irregularity  and  defects  in  solidification  structure  of  the  cast  ingots'1'2'3).  For  the 
general  purpose  alloy  Ti-6A1-4V,  however,  there  are  only  a  few  studies  on  the  solidification 
structure  covering  all  the  ranges  of  mill  cast  ingots'4’).  The  authors  have  repotted  the 
solidification  structures  in  alpha-t-beta  type  titanium  alloy  ingots  produced  by  the  vacuum  arc 
consumable  electrode  remelting  method  (VAR)“>.  This  paper  clarifies  the  cast  structure  of  Ti- 
6Al-6V-2Sn  (Ti662)  alloy  by  a  new  etching  technique  and  segregation  of  Fe  and  Cu  by 
computerized  X-ray  microanalyser  (CMA),  and  proposes  a  new  method  to  reduce  segregation. 

Experimental  Procedure 

Test  material  and  processing  conditions: 

The  starting  material  was  an  ingot  of  a  highly  p 
flecks  sensitive  commercial  alloy  of  Ti662, 

5.85%A1,  5.62%V,  1.95%Sn,  0.72%Cu,  0.69%Fe, 

0.005%C,  0.005%N,  0.16%O  and  H<0.001%. 

The  ingot  was  about  3970  kg  with  750  mm  +  and 
2000  mm  in  length.  The  test  material  was  twice 
VAR  melted  by  hot  top  technique'7’  in  which  the 
melting  rate  is  reduced  90  min  before  melt  end.  The 
melting  rate  was  changed  from  23  to  16  kg/min. 

The  ingot  was  cut  for  examination  as  shown  in 
Fig.l.  CMA  analysis  and  macrostructure 
observation  were  focused  to  hatched  areas:  Top  (T), 

Middle  (M)  and  Bottom  (B). 

Fig.  1  Sampling  positions  in  ingot. 

Observation  of  cast  (C)  and  solidification  (S)  structure,  and  shrinkage  cavities: 
Specimen  surfaces  were  finished  by  mechanical  grinding  and  immersed  for  etching;  the  etchants 
and  etching  conditions  are  shown  in  Table  1 .  The  structures  were  revealed  by  immersion  in  a 
solution  (HF:  HN03:  H2O  =  1:1:1  to  40)  for  at  least  5  min  at  room  temperature.  For  S- 
structures,  etch  pits  were  formed  by  the  difference  in  chemical  compositional  variation  during 
the  solidification  of  the  melt  The  difference  between  the  C-  and  S-  structures  was  revealed  in  a 
greater  amount  of  water  and  longer  etching  time  in  the  former.  Shrinkage  cavities  were  revealed 
by  a  high  precision  automatic  ultrasonic  flaw  detector  as  described  elsewhere'*). 


Table  1  Etching  technique. 


Objective  structure 

Etchant 

Etching  condition 

Microstructure 

(as-cast) 

HNO,:  15ml,  HF:  15  ml,  H20  600  ml 

>  5  min  at  R.T. 

Macrostructure 

(solidification) 

HNOj  15ml,  HF:  15  ml,  H20:  15  ml 

<  5  min  at  R,T. 

Quantification  of  segregation:  Samples  for  chemical  analysis  were  taken  from  the 
longitudinal  and  cross  sections  of  the  ingot,  as  shown  in  Fig.l.  The  elemental  segregation  in 
these  samples  were  investigated  with  CMA'”.  In  the  analysis,  Al,  V,  Sn,  Fe  and  Cu  were 
analyzed  at  250  x  250  points  over  the  area  of  10  x  10  mm2  and  the  picture  element  of  40  x  40 
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um:.  Differential  thermal  analysis  (DTA)  was  applied  to  the  samples  T.  M  and  B  taken  from  the 
central  column  of  the  ingot**1.  temperature  distribution  in  the  ingot  during  solidification  and 
cooling  was  calculated1*’  by  the  difference  calculus110’,  assuming  that  the  solidification 
temperature  ”  was  lbOO’C  and  the  liquid  alloy  of  2000'C  ,,J)  was  cooled  in  a  water  cooled 
copper  mold. 


Experimental  Results 


Cast  structures  of  longitudinal  sections  of 
ingot:  Figure  2  shows  the  C-structure  on  the 
vertical  section  and  the  close-up  of  the  B  /ones. 
The  C-structurc  in  Figs.  2a)  and  b)  is  characterized 
by  the  three  zones:  CH;  rapidly  cooled  equiaxed 
grains  (chilled  layer)  contacting  the  bottom  and  side 
surfaces  of  the  mold,  CO;  columnar  grains  growing 
from  the  CH  structure  to  the  center  of  melt.  EA: 
equiaxed  grains  in  the  central  zone,  as  shown  in 
Fig. 3a). 

Solidification  lines  on  longitudinal 
sections  of  ingot:  On  the  longitudinal  section  of 
the  ingot  in  Fig.2b),  parallel  and  equal  interval  etch 
pit  lines  are  observed  perpendicular  to  the  growth 
direction  of  columnar  grains  of  the  C-structures. 
This  shows  selective  etching  of  parts  in  the 
compositional  variation  and  the  resultant  linear  loci 
of  solidification  line.  The  features  of  the  S- 
structure  can  be  summarized  as  follows:  CH;  the  S- 
lines  of  etch  pits  formed  on  the  ingot  surface  in  a 
shell  form  with  a  slope  of  about  20°  toward  the 
surface14’ ,  CO;  the  etch  pit  lines  intersecting  vertical 
to  the  growth  direction  of  columnar  grains  as  the  S- 
lines  of  solid-liquid  phase,  and  EA;  no  etch  pit  line 
in  the  equiaxed  grain  of  the  central  zone  and  random 
distribution  of  pits.  The  S-lines  can  be  divided 
into  two  parts  as  shown  Fig. 3b):  the  conventional 
and  the  hot  top  melting.  The  difference  of  energy 
supplied  to  melt  in  the  two  techniques  leads  to  the 
slope  changes  of  20  to  60°  in  the  S-lines  towards 
the  surface  of  the  ingot1*'.  CMA  analysis  of  Fe 
and  Cu  distributions  reveals  microscopic 
segregation  stripes  of  Fe  and  Cu  as  in  Figs. 4b)  and 
c).  The  etch  pit  lines  in  Fig.4a)  correspond  to  the 
Fe  and  Cu  enrichment. 

Shrinkage  cavity  lines  on  longitudinal 
sections  of  cast  ingot:  The  distribution  of 
shrinkage  cavities  on  the  longitudinal  section  of  the 
ingot  is  shown  in  Fig.2c).  Shrinkage  cavity  lines 
of  several  mm  interval  intersect  perpendicular  to  the 
columnar  grains.  These  intervals  and  forms 
correspond  to  the  microscopic  segregation  stripes  in 
Figs.  4b)  and  c);  and  to  the  etch  pit  lines  in  Fig.2  b) 
or  Fig.  4  a).  The  shrinkage  cavity  lines  are  not 


—  cavity  llnaa  a— 

Fig.  2  Macro-  and  micro-structure 
on  the  midsection  of  the  ingot 


with  cavity  lines 
on  the  midsection  of  ingot. 

CH:  chiliad  layar 
CO:  columnar  atructura 
EA:  aqulaiad  atructura 

Fig.  3  Schematics  of  as  cast  and 
solidification  structure. 
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bottom 


Fig.  4 


10mm  Fe  Cu 

(bright  ar«a  indicate*  high  concantration) 

Segregation  of  Fe  and  Cu  along  solidification  fronts  in  ingot  bottom  corner 


clear  in  the  CH-  than  the  CO-stmcture.  The  EA-structure  shows  no  cavity  line  with  irregular 
distribution  of  rough  shnnkage  cavities.  The  CO-structure  has  a  number  of  sphencal  or 
elliptical  cavities  of  about  20|im  diameter  The  EA-structure  shows  complicated  conical  and 
polyhedral  cavities  of  about  1 00pm  long**’. 


Melt  pool  depth  and  solidification  curve: 

The  X  marks  in  Figs.  2a)  indicate  the  boundary  s 
between  the  CO-  and  EA-structures  and  indicate  the 
bottom  of  the  melt  pool  which  is  about  1440  mm 
below  the  top  of  ingot.  Figure  5  depicts  the 
solidification  curve  at  I600°C  and  the  profile  of 
melt  pool  in  VAR  ingot*'.  The  curves  were 
obtained  by  calculating  the  isotherm  of  1600°C 
solidification  temperature  with  an  interval  of  6  min 
after  melting  of  the  ingot  by  the  difference  method. 

Solidification  of  the  melt  in  contact  with  the  water 
cooled  copper  mold  proceeds  along  the  shell-like 
solidification  lines.  The  measured  and  calculated 
melt  pool  depth  are  as  high  as  about  2/3  of  the  ingot 
height.  These  isothermal  solidification  profiles  are 
similar  to  the  contours  of  etch  pits  and  shnnkage 
cavity  lines  in  the  CO-structure. 

Fig  5  Simulation  of  solidification  front  movement 
during  and  after  VAR  melting 

Segregation:  Chemical  analysis  was  earned  out  over  the  left  half  on  the  longitudinal  section 
of  the  ingot.  The  analysis  of  Al  and  Fe  shown  in  Fig.6  indicates  no  segregation  of  A1  and  Fe  in 
the  surface  layer.  The  same  is  true  for  Cu.  V  and  Sn.  Along  the  center  line,  on  the  other  hand. 
Fe  gradually  increases  from  B  to  T.  The  same  was  true  for  V  and  Cu.  The  high  concentrations 
of  Fe.  Cu  and  V  occur  in  the  top  of  ingot  center  as  shown  by  hatching  in  Fig.6.  The  long 
conical  zone  (70mm  dia.  x  500mm)  is  the  central  zone  of  the  EA-structure.  This  EA-conical 
zone  corresponds  to  macroscopic  V  shape  segregation  (3  flecks).  No  segregation  of  Al  as  well 
as  Sn  is  observed  in  the  center  zone.  Figure  7  gives  the  distribution  of  Al.  V,  Sn.  Fe  and  Cu  of 
T.  M  and  B  samples  taken  from  the  center  zone  of  the  cast  ingot  They  are  divided  into  two 
groups  in  terms  of  the  coexisting  elements.  One  is  Al  and  Sn.  and  the  other  is  V.  Fe  and  Cu. 
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The  distributions  of  elements  in  the  former  and  the  latter  are  reversed.  The  trend  is  especially 
strong  in  T  and  M  zones  in  comparison  with  B  zone.  The  (}  flecks  existing  in  the 
macroscopically  segregated  T  zone  of  the  ingot  forms  several  mm  masses.  Also  Fe  and  Cu 
were  enriched  to  the  amount  of  2.1  and  2.2,  respectively  due  to  the  segregation  ratio*6*.  This 
result  means  that  the  equilibrium  distribution  coefficient  Ks  is  smaller  than  the  unit  in  Fe  and  Cu. 
The  results  of  the  measurement  of  beta  transus.Tp  by  DTA  in  this  zone  indicated  that 

Tp(=700°C)  of  T  zone  of  the  cast  ingot  was  about  50°C  lower  than  that  of  B  zone  (=747°C)(6>. 


Al  (xIO2)  Fe  (xl 02) 

Equi-concentration  curves 


Fig.  6  Elemental  segregation  of  Al  and  Fe  on  the  midsection  of  ingot. 
(Shadowed  region  shows  high  segregation  of  Fe) 

Al  V  Sn  Fe  Cu  1  mm 


(bright  area  indicates  high  concentration) 

Fig.  7  CMA  color  mapping  of  elemental  distributions 
and  optical  micrographs  in  T,  M,  and  B  of  ingot. 


Discussion 

Solidification  Phenomena  during  VAR 

a)  The  Stage  from  Start  to  End  of  Arc  Melting(CH-  and  CO-structure  area).  The  overheating 
degree  is  defined  as  the  difference  between  the  high  melt  pool  temperature  and  solidification 
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temperature.  In  the  solid-liquid  interface,  2000°C  liquid 
phase  and  1600°C  solidification  phase  come  into  contact, 
and  the  temperature  gradient  is  sharp.  The  compositions 
Fe,  Cu  and  V  with  Ks<)  are  enriched  to  the  liquid  phase 
in  the  interface,  and  subsequent  solidification  takes  place 
with  clusters  such  as  Fe  and  Cu  being  nucleus.  In  this 
way,  a  shell-like  solidification  layers  with  a  certain 
thickness  is  successively  formed  as  shown  in  Fig. 8.  In 
other  words,  the  solidification  proceeds  intermittently. 
Solidification  proceeds  toward  the  melt  pool  at  nearly 
constant  intervals  until  arc  stops.  This  results  in  banded 
compositional  variation, 
b)  Melt  Pool  Solidification  (EA-structure  area). 

After  arc  stops,  the  regular  solidification  lines  described 
above  do  not  occur  as  shown  in  Fig.8,  because  the  degree 
of  overheating  is  smaller  in  the  melt  pool.  On  the  other 
hand,  solidification  takes  place  with  the  enriched  zone 
being  coagulated  because  of  the  enriched  beta  phase 
stabilizing  elements.  In  the  center  of  molten  pool  heat 
convection  promotes  dendrite  growth  with  segrgating 
elements  on  the  front.  Consequently  large  melt  traps  are 
formed  in  interdendrites  leading  to  p  flecks. 


Before  .after 

Fini.jhi.nq  of  VAK.  Melt 


Schematic  of  solidification  structure  formation  in  VAR. 

c)  i  d)  i  e) 

f-  —  ■ 


(Mold)  (Mold)  '  (Mold) 

melt  finish  during  melting  melt  finish 

pool  profile  cast  structure  pool  profile  cast  structure 

Fig.  9  Comparison  of  solidification  behavior  and  cast  structure  between 
conventional  and  new  tapered  electrode  methods  in  hot  top  VAR  melting. 
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Measures  for  Reducing  Macroscopic  Segregation:  Some  papers  reported  that  it  is 
important  to  keep  the  melt  pool  depth  shallow  to  improve  the  ingot  quality*13  14  15' 16 17).  The 
present  structural  observation  for  minimizing  the  segregation  of  VAR  ingot  leads  to  the 
following  two  basic  counter  measures:  (1)  To  make  temperature  gradient  greater,  and 
accordingly  to  make  solidification  rate  faster,  and  (2)  To  make  heat  radiation  from  the  mold 
faster.  The  melt  pool  depth  is  made  shallow  by  these  two  measures,  which  well  coincide  with 
the  proposals  insisted  by  R.T.  Adams  et  al(l6- 17>,  by  using  smaller  diameter  ingots.  Fig.  9 
compares  the  solidification  behavior  and  solidification  structure  between  the  conventional 
electrode  and  the  present  tapered  electrode  methods  in  hot  top  VAR  melting.  The  conventional 
method  tends  to  form  deep  pool  as  shown  in  Fig.  9.  For  minimum  segregation,  the  authors 
have  developed  the  tapered  electrode  method  (Fig.  9c).  The  end  of  consumable  electrode  is 
tapeied  to  the  stick.  Melting  with  the  tapered  electrode  reduces  the  pool  size  during  melting  (Fig. 
9d).  On  the  melt  finish  solidification  progresses  rapidly  without  formation  of  melt  traps  in 
interdendrite  region  and  prevents  (5  flecks. 

(1)  The  end  of  consumable  electrode  shall  be  conically  tapered  to  the  stick,  and  the  diameter  of 
the  electrode  shall  be  made  smaller  at  the  time  of  final  melting  to  make  the  pool  size  smaller. 

(2)  A  given  current  density  shall  be  maintained  until  the  conical  top  of  electrode  is  melted  and 
the  melt  shall  be  agitated  to  make  the  component  elements  in  the  melt  pool  homogeneous. 

(3)  Heat  radiation  rate  shall  be  made  faster  by  using  the  adequate  materials  for  the  side  and 
bottom  of  the  mold  to  improve  cooling  rate. 

Conclusions 

This  study  dealt  with  the  analysis  of  the  cast  structure  of  Ti662  ingot  produced  by  the 
commercial  vacuum  arc  consumable  electrode  remelting  method.  The  key  results  are 
summarized  as  follows: 

(1)  Etching  in  a  new  solution  (hydrofluoric  acid:  nitric  acid:  water  =  1:  1:  1  to  40)  for  several 
minutes  reveals  the  details  of  cast  and  solidification  structure. 

(2)  The  cast  structure  consists  of  a  chilled  layer  in  the  outer  surface,  columnar  grains  in  the 
intermediate  zone  and  equiaxed  grains  in  the  central  zone  of  the  ingot. 

(3)  Solidification  lines  appear  as  dotted  lines  of  etch  pits,  suggesting  the  elemental  distribution  at 
the  solidification  front  which  is  pei  pendicular  to  the  growth  direction  of  columnar  grains  as  a 
result  of  intermittent  solidification. 

(4)  Segregation  of  Fe  and  Cu  is  remarkable  in  the  equiaxed  structure  zone,  'n  CH-  and  CO 
zones,  no  beta  flecks  occurs. 

(5)  Segregation  of  Fe  and  Cu  is  reduced  by  casting  at  a  faster  solidification  and  a  greater 
temperature  gradient  and  by  using  a  consumable  electrode  tapered  to  the  stick  than  the  hot 
topping  of  VAR. 
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LARGE  SCALE  STATISTICALLY  BASED  EXCEPTION 


REPORTING  IN  VACUUM  ARC  MELTING 
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Abstract 

Much  discussion  has  baan  mads  of  tha  potential  benefits  of  using  SPC  concepts 
to  discern  between  random  variation  within  tha  procasa  capability,  and  non¬ 
random  or  special  causa  variation.  Most  approaches  to  practical  application 
of  thasa  concepts  involve  small  numbers  of  key  product  variables  which  are 
tracked  using  manual  intervention  in  the  capture,  extraction,  posting,  or 
interpretation  of  result  data. 

Oragon  Metallurgical  Corporation,  on  its  computer  controlled  VAR  furnaces,  has 
been  applying  a  strategy  called  Large  Scale  Statistically  Based  Exception 
Reporting  which  differs  somewhat  from  the  traditional  approach  ae  described 
above.  The  chief  differences  are  in  the  volume  of  tracked  variables,  up  to  550 
per  melt  cycle;  tha  type  of  variables,  many  are  related  to  equipment 
performance  or  productivity  rather  than  product;  and  tha  methods  by  which  the 
furnace  control  software  automatically  extracts  the  tracked  variables  from  raw 
data  and  warns  of  exceptions  without  manual  intervention  being  required. 

The  experience  that  has  been  gained  in  the  six  years  that  this  system  has  been 
in  use  shows  that  there  are  important  factors  to  be  considered  for  developing 
and  using  such  systems  but  that  the  results  can  be  surprisingly  effective,  not 
only  in  reducing  process  variation,  but  in  improved  maintenance  procedures, 
faster  troubleshooting,  and  in  achieving  greater  production  efficiency. 


Titanium  '92 
Scitnca  and  Technology 
Edited  by  F.H.  froai  and  I.  Caplon 
Tha  Minafolt,  Matah  &  Moter iala  Society,  1 993 


Introduction  and  Background 


Oregon  Metallurgical  Corporation  (OREMET)  operatea  five  VAR  furnacea  built  by 
RETECH  of  Ukiah,  California.  Theaa  furnacea  are  uaed  primarily  for  vacuum 
melting  of  titanium  and  titanium  alloya.  Converaion  of  theaa  furnaces  to 
computer  controls  was  begun  in  19B1.  The  capability  for  Large  Scale 
Statistically  Based  Exception  Reporting  was  added  in  1985. 

The  key  control  hardware  components  for  each  furnace  consist  of  three  computers 
and  their  ancillary  equipment  as  wall  as  a  manual  backup  control  system. 

All  analog  measurements  and  loop  control  are  accomplished  with  a  Hewlett 
Packard  2250  operating  at  just  over  5  cycles  per  second.  In  addition  to  60 
analog  values,  the  2250  monitors  the  on/off  status  of  some  140  devices  and 
switches. 

A  Hewlett  Packard  9920  on  each  furnace  acts  as  a  supervisory  controller  and  is 
responsible  for  the  operator  interface  as  wall  as  data  handling  and  short  term 
data  storage  on  a  local  hard  disk. 

Control  of  certain  pumps,  valves  and  relays  is  performed  through  a  Meetinghouse 
PC700  which  takas  instructions  from  the  2250,  the  9920,  and  manual  switches  or 
pushbuttons. 

A  manual  backup  system  is  provided  such  that  the  furnace  operator  can  complete 
an  in-progress  melt  should  a  failure  occur  in  the  computer  control  system. 
Such  failures  have  been  vary  rare. 

An  additional  HP  9920,  the  "department  master",  is  connected  to  each  of  the 
furnace  control  9920 'a  in  a  manner  that  the  master  9920  can  read  the  data 
temporarily  archived  by  each  furnace  9920  on  its  own  hard  disk.  The  master 
computer  extracts  data  for  analysis  and  long  term  archival,  and  provides 
various  utilities  and  peripherals  for  graphical  and  mathematical  examination. 
It  is  the  master  computer  that  maintains  the  standards  for  the  exception 
reporting  system  and  compares  new  values  against  the  standards,  printing  a  list 
of  exceptiona  on  a  per  melt  basis. 

The  furnace  9920 's  also  share  a  speech  unit  which  announces  key  events  and 
alarms. 

Each  furnace  9920  receives  all  accumulated  data  from  its  companion  2250  at 
about  one  second  intervals,  performs  additional  calculations  based  on  the  data, 
updates  the  operator  display  monitor,  and  routes  events  and  alarms  to  the 
printer,  speech  system,  and  monitor  depending  upon  priority  tables.  In 
addition,  all  events  and  alarms  ars  racordad  to  hard  disk  files  no  matter  what 
the  priority.  Readings  from  eight  major  signals  are  extracted  for  logging  to 
the  hard  disk  at  0.975  second  intervals  and  a  rsading  from  all  60  analog 
variables  is  extracted  every  20.085  seconds.  In  addition,  certain  process 
summary  data  is  maintained  in  memory  until  the  end  of  the  melt  when  a  summary 
report  is  printed  out  for  inclusion  in  ths  QC  fils. 

At  the  end  of  each  melt  the  master  computer  is  triggered  to  automatically 
transcribe  the  portions  of  the  data  which  apply  to  each  particular  melt  from 
the  temporary  files  on  the  furnace  hard  disk,  to  permanent  files  on  a  larger, 
centralized  hard  diak. 

The  automatic  profile  control  of  arc  currant,  arc  voltage,  and  stirring  coil 
current  is  accomplished  through  pre-prepared  procedures.  Based  on  the 
procedure  number  and  melt  type,  the  9920  loads  ths  appropriate  control  file 
from  disk.  The  procedure  appears  as  instruction  code  values  in  the  2250  and 
as  step  by  step  instruction  text  on  the  operator's  screen.  Each  step  in  the 
procedure  is  described  by  specific  instructions  (such  as  ramp,  step,  hold  for 
time,  hold  until  weight  achieved,  etc.)  which  are  chained  together  to  form  a 
complete  procedure. 


Tha  methods  choaan  for  detecting  axcaptional  condition*  utilize  the  simple  to 
do  tha  obvious.  From  the  raw  data  for  each  malt,  a  large  set  of  summary 
statistics  is  ganaratad.  Over  time,  tha  computer  keeps  track  of  the  mean  and 
standard  deviation  for  each  of  thaaa  calculated  variables  by  groups  of  similar 
melts.  At  ths  and  of  each  naw  malt,  tha  computer  prints  out  on  an  exception 
report,  any  value  outside  the  "plus  and  minus  three  sigma”  limits  as  compared 
to  previous  melts  in  its  standard  group. 

Two  assumptions  were  inherent  in  tha  selection  of  these  methods  to  discern 
abnormal  conditions.  1)  The  variables  would  be  randomly  and  normally 
distributed.  2)  At  the  start  of  data  collaction,  each  variable  was  depicting 
a  "correct"  or  "normal"  state. 

A  wide  range  of  summary  variables  were  selected  for  inclusion.  Hundreds  were 
already  available  within  the  system  and  more  were  identified  and  easily 
programmed  into  the  system.  In  general,  raw  data  for  each  melt  was  summarized 
into  averages,  standard  deviations,  maximum*  and  minimum*,  net  changes,  counts, 
time  between  events,  ratios,  and  other  appropriate  characterizing  variables. 
Some  values  are  computed  for  the  entire  melt  as  a  whole,  others  for  each 
procedure  step  or  only  for  specific  procedure  steps  as  appropriate.  Depending 
upon  the  melt  type  and  number  of  procedure  steps,  up  to  SSO  variables  per  melt 
were  initially  included.  That  number  has  since  been  increased. 

To  get  the  system  started,  data  was  accumulated  for  a  brief  period  of  time. 
Then  the  computer  generated  the  "standards"  for  each  variable  within  each 
standard  grouping  by  computing  tha  mean  and  standard  deviation  of  the 
accumulated  observations.  A  second  pass  through  the  data  was  automatically 
made  in  order  to  remove  outliere  which  we  would  have  wanted  to  be  reported  as 
exceptions,  from  the  population  mean  and  standard  deviation  calculations. 

The  number  of  exceptions  reported  for  a  melt  varies  significantly  but  is 
typically  in  tha  range  of  5  to  15.  A  process  control  engineer  reads  the 
'xceptiona  as  an  aid  in  seeing  generally  how  tha  equipment  is  running  and 
whether  unusual  process  conditions  have  occurred.  At  the  discretion  of  the 
engineer,  who  takes  into  sccount  such  things  as  the  importance  of  the  variable 
and  the  strength  of  the  exception  as  measured  in  units  of  "sigma",  some 
exceptions  are  identified  for  further  investigation. 


Numerous  examples  are  available  of  exceptions  which  have  been  investigated  and 
yielded  some  useful  or  interesting  result.  A  few  are  given  below. 

a)  A  slight,  but  statistically  significant  increase  in  the  time  taken  for  the 
roughing  pumps  on  a  particular  furnace  to  evacuate  the  furnace  to  a  preset 
level  resulted  in  the  discovery  of  a  broken  valve  spring  in  one  pump. 

b)  Warnings  of  a  gradual  increase  over  a  number  of  days  in  the  voltage  applied 
to  a  hydraulic  servo  valve  in  order  to  achieve  ram  drive  was  first  misdiagnosed 
as  a  valve  problem  until  the  hydraulic  motor  froze  up  solid. 

c)  Inexplicable  fluctuations  in  average  melt  rate  at  constant  measured  current 
led  to  a  decision  to  replace  the  existing  current  measurement  shunts  with  new 
devices  based  on  different  technology.  These  new  devices  have  exhibited 
superior  consistency  and  accuracy. 

d)  One  specific  melt  with  a  higher  than  normal  melt  efficiency  (weight  melted 
per  unit  of  electrical  energy)  was  investigated  and  after  studying  all 
available  information,  a  hypothesis  was  reached  that  a  chunk  of  electrode  had 
fallen  into  the  pool  at  a  particular  point  during  the  final  melt.  The  ingot 
was  diverted  to  Internal  conversion  and  the  inclusion  found  in  the  area 
predicted. 

e)  An  increase  in  the  standard  deviation  of  current  readings  from  one  of  four 
10,000  amp  rectifiers  on  one  furnace  was  traced,  with  some  difficulty,  to  a 
fuse  on  one  phase  in  that  rectifier,  which  would  conduct  at  low  current  as  from 
test  meters  but  would  open  under  load.  The  result  of  this  condition  wss  that 
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the  other  two  phases  wara  operating  far  bayond  thair  daaign  limit  in  ordar  to 
maka  up  for  tha  loat  phaaa.  Had  the  axcaption  ayatam  not  providad  tha  clue, 
thia  condition  would  have  continuad  unnoticed  until  tha  ractifiar  failad. 

f)  A  draatic  incraaaa  in  tha  atandard  daviation  of  raadinga  from  a  praaaura 
tranaducar  on  a  hydraulic  cylindar  holding  a  critical  connaction  togathar  aa 
part  of  tha  high  currant  path,  cauaad  that  furnaca  to  ba  immadiataly  ramovad 
from  aarvica  until  tha  difficulty  could  ba  undaratood  and  corrected.  Tha 
daaign  waa  auch  that  tha  oil  in  tha  cylindar  waa  kapt  up  to  praaaura  by  a 
regulator  and  pravantad  from  aacaping  by  a  chack  valva.  Only  aftar  axtanaiva 
invaatigation  waa  it  datarminad  that  in  fact,  tha  praaaura  would  ba  EXPECTED 
to  f  luctuata  with  tha  tamparatura  changaa  cauaad  by  changaa  in  currant  aattinga 
but  wa  had  navar  bafora  aaan  tha  praaaura  riaa  above  tha  aatting  of  tha 
ragulator.  Aftar  quaationing  many  paopla  about  how  tha  auddan  changa  in  tha 
praaaura  bahavior  could  hava  occurrad,  an  off-ahift  millwright  divulged  that 
immadiataly  bafora  tha  laat  malt,  he  had  fixed  a  hydraulic  leak,  near  the 
cylindar,  which  had  bean  preaant  aince  tha  furnaca  waa  new. 

g)  An  invaatigation  of  a  triple  VAR  ingot  with  multiple  type  I  alpha  defecta 
in  a  particular  location,  lad  to  the  accidental  diacovary  that  tha  ratio  of  tha 
vacuum  raadinga  from  two  different  typaa  of  aanaora  could  ba  uaad  aa  an 
affective  but  vary  inaxpanaiva  raaidual  gaa  analyxar.  Thia  helped  to  confirm 
that  an  air  leak  had  occurrad  briefly  during  thia  final  malt.  Tha  leak  waa  ao 
alight  that  furnaca  praaaura  roae  by  only  a  few  micron*. 


Dif flcultlaa 

While  tha  axcaption  ayatam  haa  aubatantially  proven  ita  capability  for  aarly 
problem  detection,  faat  troublaahooting  diagnoatica,  procaaa  verification, 
aanaor  calibration,  and  aa  computer  ayatam  watchdog,  certain  difficultiaa  hava 
bean  apparent  aa  wall. 

The  daaign  aaaumption  that  all  tracked  variablaa  would  be  normally  and  randomly 
diatributad  haa  pravantad  ua  from  well  characterizing  a  portion  of  tha 
variablaa.  Moat  typical  of  thaaa  variablaa  are  tha  atandard  deviationa  of 
large  aata  of  raadinga.  Tha  diatributiona  of  thaaa  atandard  deviation 
variablaa  from  melt  to  melt  are  typically  vary  akewed.  Tha  reault  of  thia  ia 
that  melt  variablaa  which  ara  "emoother"  than  normal  generally  do  not  generate 
excaptiona. 

Another  difficulty  which  haa  been  expoaed  ia  that  reading  tha  axcaption  report, 
especially  with  tha  large  number  and  typaa  of  variablaa  involved,  requirea 
axtanaiva  knowledge  of  the  procaaa  physics  and  a  full  undaratanding  of 
literally  hundreda  of  ayatam  devicea  and  how  they  are  connected.  Thia  haa 
limited  direct  uaa  of  tha  exception  ayatam  to  a  very  amall  number  of  people. 

One  additional  fault  of  the  ayatam  ia  probably  a  raault  of  faulty  expectation 
rather  than  attributable  to  ayatam  fault.  Where  it  waa  dreamed  that  the  ayatam 
would  require  no  effort  to  maintain  and  keep  atandarda  up-to-date,  it  haa 
become  evident  that  maintaining  the  atandarda  to  keep  up  with  a  dynamic 
environment  doea  take  aome  degree  of  diligence. 


Future  Plana 

Baaed  on  the  reaulta  of  large  acala  exception  reporting,  OREMET’a  expectation 
of  the  future  ia  that  these  kinds  of  tools  will  and  ahould  become  commonplace 
within  our  company  and  within  tha  industry.  OREMET's  own  plana  for  development 
include  tha  following. 

Where  the  axiating  program  identifies  exceptions  only  after  the  process  is 
completa,  it  would  be  better  to  report  exceptions  aa  near  to  real-time  as 
possible. 

The  ability  to  handle  non-normal  distributions  will  increase  the  number  of 
variables  for  which  tha  frequency  distribution  is  accurately  modeled. 
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The  true  capability  of  large  acala  ax  caption  reporting  will  ba  obtained  by 
combining  exception  ayatema  with  expert  ayataaa  which  can  aaaiet  in 
interpreting  the  meaning  and  probable  cauae  of  varioua  combinationa  of 
except iona. 


I  would  like  to  thank  Steva  Stocka  and  Dan  Taylor  who  made  the  initial  deciaion 
to  develop  tha  control  ayatem  and  have  given  full  and  naceaaary  backing  to  the 
project,  and  Bill  Glaeamire  and  Lloyd  Skogatad  who  were  indiapenaable  in  their 
rolea  with  aoftware  development  and  inatrumentation  reapectively. 

Alao,  tha  project  would  not  have  been  auccaaaful  without  the  exceptional 
capabilitiea  of  the  Hewlett  Packard  producte  utilized,  and  tha  aupport  of  thoaa 
producta  by  Hewlett  Packard. 
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Abstract 

The  electroslag  remelting  process  is  a  well  known  technique  for  melting  tool  steels,  superalloys 
etc.  Up  to  now,  some  investigations  in  the  USA  and  the  former  USSR  have  shown  that  this  tech¬ 
nique  can  also  be  used  for  melting  titanium.  However,  the  ESR  process  has  not  experienced  a 
real  breakthrough  for  titanium  production  because  of  quality  reasons. 

In  order  to  assess  the  potential  of  the  ESR  process,  investigations  were  carried  out  with  titani¬ 
um  sponge  in  a  new  equipment  concept.  Apart  from  that,  new  slag  systems  based  on  calcium 
fluoride  were  tested.  The  paper  describes  the  experimental  procedure  as  well  as  the  resulting 
quality,  such  as  oxygen  and  nitrogen  content  of  the  remelted  material. 


InlfaducliBn 

Titanium  metal  as  an  engineering  material  came  into  use  in  the  1950's  in  the  USA  in  response  to 
the  critical  demands  for  low  density,  high  strength  material  for  aircraft  and  emerging  space 
technologies.  The  titanium  industry  was  mostly  interested  in  the  aircraft,  especially  military 
aircraft,  and  space  market,  where  the  cost  was  not  a  primary  criterion  for  the  selection  of  the 
material.  However,  times  have  changed  now.  The  consumption  of  titanium  in  the  aircraft  and 
space  industry  has  been  stsgnant  for  the  last  five  years.  The  titanium  industry  must,  there¬ 
fore,  look  for  markets  other  than  the  aerospace  industry. 
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NontAerospace  Applications  of  Titanium 

Titanium  has  an  excellent  resistance  to  corrosion  in  most  environments.  Accordingly,  a  number 
of  materials  being  used  today  in  sucn  applications  can  be  totally  or  partly  replaced  by  titanium. 
A  recent  study  carried  out  by  Charles  River  Associates  / 1/  shows  a  variety  of  materials 
against  which  titanium  has  a  relative  advantage  (Fio  1 1 : 

-  Cupronickels  (90/10  and  70/30) 

-  316  stainless  steel 

-  Super-ferritic  stainless  steel 

-  Super-austenitic  stainless  steel 

-  Duplex  stainless  steel 

-  Hastelloy  C-276 


Competing  Material  with  Titanium 

*  Cupronickels  (90/10  and  70/30) 

*  Super-Ferritic  Stainless 

*  Super-Austenitic  Stainless 

*  Duplex  Stainless 

*  AISI  316  Stainless 

*  Hastalloy  C-276 


Fig.  1 :  Material  Competing  with  Titanium 


Fig.  2  shows  the  portion  of  the  market  of  competing  materials  which  can 
by  titanium.  It  is  evident  that  titanium  can  gain  a  sizable  market  just  by 
steel  grades  in  non-aerospace  applications 


be  potentially  replaced 
replacing  the  stainless 


Source  Charles  River  Associates. 
1991 


Fig.  2:  Weight  Percent  of  Materials  in  Uses  Potentially  Available  for  Titanium  Substitution 


Fig.  3  shows  that  titanium  may  compete  with  high  performance  stainless  steel  at  lower  sponge 
prices  and  by  reducing  the  thickness  or  by  a  combination  of  both  In  the  case  of  standard  stain¬ 
less  steel  grade  316,  a  substantial  reduction  of  thickness  is  required  In  this  figure,  only  the 
cost  for  titanium  sponge  has  been  considered  Another  important  factor  determining  the  titani¬ 
um  price  is  the  cost  oT  melting  and  fabrication  of  the  final  product. 
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Flo.  3:  Cost  Effectiveness  of  Titanium  Compared  with  Stainless  Steels  as  a  Function  of  Thick¬ 
ness 


For  effectively  competing  with  stainless  steel  grade  316  it  will  be  necessary  to  reduce  the  cost 
of  the  complete  route  ol  fabrication  (Fio.  41 . 


Fig.  4:  Combinations  of  Sponge  Price  and  Reduction  in  Mill  Product  (VAMF)  can  make  Titanium 
cost  effective  with  Super-Austenitic  and  316  Stainless  Steels 


Fla.  4  demonstrates  titanium  in  competition  with  super-austenitic  stainless  steel  as  well  as 
with  316  stainless  steel  grade.  It  is  evident  that  with  a  30  V.  reduction  in  the  cost  of  melting 
and  further  fabrication  (VAMF  .  value  added  for  melting  and  primary  fabrication)  with  a  simul¬ 
taneous  reduction  of  the  sponge  price,  the  cost  of  titanium  comes  very  close  to  that  of  Grade 
316  stainless.  The  question  is  how  to  lower  the  cost  of  melting  and  further  fabrication.  The 
present  production  route  for  titanium  sheet  products  is  as  follows  (Fig  5) : 

-  consumable  vacuum  arc  remelting,  at  least  twice 
•  forging  to  slab  or  square 

-  surface  conditioning 

-  rolling 
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Production  Rout*  tor  Titanium 

*  Consumable  Vacuum  Arc  Remelting  at  least 
Twice 

*  Forging  to  Slab  or  Square 

*  Surface  Conditioning 

*  Rolling  to  Desired  Dimensions 


Fia.  5:  Production  Route  for  Titanium  Sheet 

As  vacuum  arc  remelting  can  only  produce  round  ingots,  a  forging  sequence  with  subsequent 
surface  conditioning  must  be  introduced  into  the  production  route  in  order  to  get  Tollable  mate¬ 
rial.  Appreciable  cost  savings  are,  therefors,  only  possible  by  direct  remelting  to  slabs  or 
squares  with  subsequent  rolling  without  any  forging.  This  can  be  realized  with  electroslag  re¬ 
melting  (ESR)  of  titanium. 


Flectroslao  Remelting  of  Titanium 

Consolidation  of  titanium  sponge  by  the  ESR  process  was  started  in  the  early  1960's,  especial¬ 
ly  In  the  former  USSR  121  but  also  in  the  USA  131.  It  has  been  reported,  that  the  former  USSR 
is  melting  titanium  with  the  ESR  process  on  a  production  scale.  In  the  Western  World  this  tech¬ 
nology  has  not  experienced  a  technological  breakthrough  until  now.  LEYBOLD  DURFERRIT  GmbH 
has  carried  out  tests  in  order  to  determine  the  metallurgical  parameters  required  to  achieve 
optimum  results  with  respect  to  ingot  quality. 

Titanium  is  a  reactive  metal  with  high  affinity  for  oxygen  and  nitrogen  Apart  from  that,  titani¬ 
um  reacts  with  almost  all  oxides  at  nigh  temperature.  Bearing  this  in  mind,  the  electroslag  re¬ 
melting  of  titanium  must  fulfill  the  following  parameters: 

-  furnace  atmosphere  must  be  free  from  oxygen  and  nitrogen,  eg.  an  inertgas  atmosphere  must 
be  secured 

-  slag  must  be  free  from  oxides,  which  can  be  reduced  by  titanium 

In  order  to  assure  a  100  %  inertgas  furnace  atmosphere  the  usual  ESR-furnace  with  a  hood  is 
not  suitable.  The  ESR-unit  must  be  a  closed  chamber  installation.  The  conception  of  such  an  ESR- 
plant  is  not  new.  LEYBOLD  DURFERRIT  GmbH  has  already  built  such  furnaces  for  electroslag  re¬ 
melting  under  pressure  (PESR).  Fia.  6  shows  schematically  a  PESR-furnace.  which  can  work  al¬ 
so  under  vacuum  or  inertgas  atmosphere.  The  present  experimental  work  was  carried  out  with 
such  a  laboratory  scale  PESR-furnace  equiped  with  a  pumping  set  for  prior  evacuation  of  the 
furnace  chamber 


1  Eiectrooe  teeo  onve  system. 

2  Beit  screw 

3  Movable  furnace  suDOor  frame 
a  Furnace  lifting  system. 

5  loac  c«il  system. 

6  Eiectrooe  ram. 

7  Eiectrooe. 

8  Water  jacket. 

9  Slag  pool. 

10  ingot. 

1 1  MoiO  assemoiy. 

12  Quick  tiange . 

13  Vacuum-/pressure  chamoer. 

14  Alloy  teeoer. 

15  Coaxial  power  capies 

16  Ram  g-jiomg  system, 

17  Maintenance  platform 
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Fia.  6:  Pressure/VAC-ESR  Installation 


Common  ESR  slags  are  based  on  CaF2.  CaO  and  AUQ,.  sometimes  with  additions  of  MgO  and/or 
SO,  depending  on  the  alloy  grade  ro  be  remelterr  Fir  titanium  remelting,  slags  containing 
AlJGk,  CaO.  MgO  and  Si02  cannot  be  used  as  they  are  sources  of  undesired  contaminations  in 
titihiam  According  to  th/ published  literature,  the  most  suitable  slag  for  titanium  remelting  is 
pure  calcium  fluoride.  The  present  work  was.  therefore,  started  with  technically  pure  CaF2 

Tab  1  shows  the  remeltmg  parameters  of  the  three  experiments 


Melt  No  1 

Melt  No  2 

Melt  No  3 

Melt  No  4 

Electrode  diameter 

mm 

110 

110 

110 

1  10 

Electrode  length 

mm 

850 

1000 

1000 

800 

Electrode  weight 

*9 

25.8 

29.8 

29.8 

34.0 

Mold  diameter 

mm 

170 

170 

170 

170 

Current 

kA 

4 

3.8 

3.8 

3.8 

Power 

kW 

135 

100 

100 

115 

Melt  rate 

kg/h 

19.0 

52.6 

54.2 

40.7 

Before  starting  the  remeltmg  process,  the  furnace  chamber  was  evacuated  to  a  pressure  of  ap¬ 
prox  2  x  10' d  mbar  and  subsequently  backfilled  with  argon  of  a  purity  of  99.99  %  to  a  pres¬ 
sure  of  approx  1000  mbar  The  first  melt  was  carried  out  with  pure  CaF2  whereas  in  the 
other  melts  some  additions  were  made  to  the  CaF2  slag  It  is  evident  frorrrTable  1  that  the  melt 
rate  of  the  first  melt  is  much  slower  despite  much  higher  power  consumption 


Fig.  7  Titanium  Ingot  and  Primary  Structure  of  the  Ingot 


Fio.  7  shows  the  titanium-ingot  and  the  primary  structure  of  the  ingot  The  macrostructure  is 
dense  and  free  from  any  oxides  The  chemical  composition  of  the  ingots,  with  respect  to  gas  and 
carbon  contents,  is  'isted  in  Table  2 
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Chemical  composition  of  the  ingot,  in  respect  of  gas-  and  carbon -content 


It  can  ba  seen  from  Tabla  2,  that  thara  it  an  overall  decrease  in  the  concentration  of  carbon  and 
hydrogen  in  the  remelted  ingot.  In  the  case  of  nitrogen,  the  remelted  materials  show  a  little 
higher  concentration  than  in  the  electrode.  There  is  no  additional  oxygen  pick-up  during  remel¬ 
ting.  It  must  be  mentioned  that  the  values  of  oxygen  and  nitrogen  content  in  the  electrodes  are 
probably  not  representative  of  the  whole  electrode.  It  is  evident,  that  all  values  are  within  the 
ASTM-tpecificaiion  for  Grade  1  titanium  (CP). 


Conclusions 

-  Electroslag  remelting  is  an  efficient  process  for  the  consolidation  of  titanium. 

-  It  appears  that  a  single  melt  will  be  sufficient  for  further  working. 

-  With  proper  process  control,  any  additional  pick  up  of  undesired  elements,  like  oxygen  and  ni¬ 
trogen,  can  be  completely  avoided. 
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Abstract 

The  electron  beam  cold  hearth  melting  (EBCHM)  process  has  developed  into  a  premier 
refining  tool  for  both  aerospace  and  industrial  titanium  applications.  Hearth  refined  titanium 
has  now  been  specified  in  critical  jet  engine  components.  Improved  levels  of  quality  control 
are  obtained  by  maintaining  close  control  over  such  operating  parameters  as  electron  beam 
energy  distribution,  condensate  management,  and  chemical  homogeneity.  Advances  have 
been  made  in  near  net  shape  castings  of  preforms  (semi’s)  for  the  direct  rolling  of  as-cast 
titanium  slabs. 

"MaxiMelt,"  the  world’s  largest  electron  beam  cold  hearth  furnace  (3300  kW  -  915  mm 
diameter  ingots)  has  recently  been  commissioned  at  Axel  Johnson  Metals,  Inc.  Start  up  and 
qualification  programs  for  this  new  furnace  are  discussed. 


Introducllpn 

Since  the  time  of  the  Sixth  World  Conference  on  Titanium,  numerous  developments  have 
occurred  in  the  Electron  Beam  Cold  Beam  Hearth  Refining  (EBCHR)  process  for  titanium. 
During  the  Sixth  World  Conference,  some  of  the  initial  work  on  "in-spec"  alloy  electrodes 
and  near  net  shape  casting  was  presented.  Developments  were  also  reported  in  the  areas  of 
on-line  chemistry  and  intelligent  materials  processing.  (1) 

During  the  last  four  years,  the  EBCHR  process  has  continued  its  steady  evolution  into  a 
premier  refining  tool  for  both  industrial  and  aerospace  titanium  applications.  This  paper 
is  intended  to  review  the  current  status  of  high-volume  commercial  products  such  as  large 
slabs  and  refined  alloy  electrodes.  It  will  also  present  a  brief  history  and  current  status  of 
the  world’s  largest  operational  electron  beam  furnace,  MaxiMelt,  which  was  built  and 
commissioned  during  the  last  four  years. 

New  developments  in  controls,  instrumentation,  and  operating  practices  are  continuing  to 
occur.  This  paper  will  also  highlight  these  areas  for  future  growth. 
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One  of  the  first  titanium  products  produced  in  commercial  volumes  by  EBCHR  was  cast 
slabs.  These  slabs  represented  an  early  form  of  near  net  shape  casting  since  they  avoided 
the  forging  or  cogging  step  required  to  convert  a  round  ingot  into  a  rectangular  slab  suitable 
for  flat  rolling.  These  products  have  steadily  gained  acceptance  in  nearly  all  flat  rolled 
markets  and  millions  of  pounds  are  produced  yearly. 


A  ISO  x  96S  mm  (6  x  38  inch)  slab  mold  was  first  used  by  Axel  Johnson  Metals  (AJM)  in 
1983.  These  slabs  were  intended  for  direct  rolling  to  plate  or  coil.  Maximum  slab  weight 
was  about  2.S  MT  (5,400  lbs.),  although  the  practical  limitation  was  about  2.2  MT  (4,800 
lbs.)  due  to  certain  size  restrictions  for  cross-rolling  at  some  rolling  mills.  The  maximum 
as-cast  weight  in  the  mold  was  limited  by  the  size  of  the  casting  chamber  and  therefore 
limited  coil  applications  due  to  economic  reasons. 

In  an  effort  to  provide  more  weight,  a  30S  x  1120  mm  (12  x  44  inch)  slab  mold  was 
introduced  in  1985.  These  slabs  weighed  up  to  5.7  MT  (12,500  lbs.)  and  made  the  rolling 
of  coils  more  economical.  The  305  mm  (12  inch)  thickness  also  permitted  greater  rolling 
reductions  for  heavier  gauge  plates.  The  cross-section  of  the  product  was  limited  at  the  time 
not  by  a  particular  metallurgical  reason  but  by  the  physical  capabilities  of  the  original  Axel 
Johnson  Metals  electron  beam  furnace. 

In  1991,  the  commissioning  of  the  second  EB  furnace  at  AJM  allowed  the  opportunity  to 
install  a  150  x  1270  mm  (6  x  50  inch)  slab  mold  in  addition  to  the  continuing  use  of  the 
older  two  sizes.  The  maximum  length  of  the  cast  slabs  was  also  increased  from  3,780  mm 
(149  inches)  to  4,700  mm  (185  inches).  These  wider  and  longer  products  opened  new 
opportunities  for  direct  coil  rolling  as  weights  of  the  conditioned  slabs  exceeded  4. 1  MT 
(9,000  lbs.). 

The  goal  of  a  4.5  MT  (10,000  lb.)  conditioned  thin  slab  for  direct  coil  rolling  was  achieved 
in  1992  with  the  installation  of  a  178  x  1270  mm  (7  x  50  inch)  mold.  Examples  of  these 
new  slabs  are  seen  in  Figure  1 . 

Heavy  slab  evolution  also  progressed  with  the  purchase  and  installation  of  the  current  jumbo 
mold  for  305  x  1575  mm  (12  x  62  inch)  slabs.  These  slabs,  with  weights  up  to  9.1  MT 
(20,000  lbs.)  were  developed  to  avoid  the  necessity  of  cross-rolling  for  wide  coils  and  to 
provide  extra  weight  for  heavy  plates. 


Conditioning  practices  for  the  as-cast  slabs  have  also  evolved  over  the  years.  The  first 
cast  slabs  were  machined  on  the  major  surfaces  using  a  horizontal  planer  to  a  surface  finish 
of  about  4.4  pm  (175  microinches)  RMS.  Most  rolling  practices  at  the  time  included  an 
intermediate  break-down  stage  at  about  75  mm  (3  inches)  with  the  opportunity  to  inspect 
and  grind  any  residual  surface  defects. 

As  the  applications  for  the  slabs  broadened,  new  conditioning  practices  were  also  developed. 
Some  demanding  applications  such  as  the  direct  rolling  of  hot  band  from  305  mm  (12  inch) 
slabs  required  a  better  surface  finish  than  4.4  pm  (175  microinches)  since  the  opportunity 
for  an  intermediate  inspection  and  conditioning  had  been  eliminated.  For  these  cases,  a 
'precision  machined*  surface  finish  was  developed.  This  machining  practice  involved 
planing  a  1.3  pm  (50  microinch)  RMS  surface  on  the  major  surfaces,  the  sides,  and  the 
edges.  The  precision  machining,  combined  with  dye  penetrant  inspection  greatly  improved 
the  surface  quality  and  the  finished  yield  of  the  products. 
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Figure  I.  Ascasi  thin  titanium  slab 


To  further  enhance  as  rolled  surface  quality,  belt  sanding  was  introduced  as  an  option  in 
early  1991.  A  typical  belt  sanded  surface  is  similar  in  roughness  to  a  "precision  machined’ 
surface  Belt  sanding  can  be  used  independently  of  or  in  conjunction  with  machining 

Today,  surface  conditioning  can  be  tailored  for  specific  customers  and  their  processing 
requirements  A  wide  variety  of  conditioning  options  are  available  and  are  routinely 
delivered 


TUe  Clean  Alloy  Titanium  frogram 

Electron  Beam  Cold  Hearth  Refining  has  been  used  for  many  years  to  remove  high  density 
inclusions  (HD*)  from  titanium  scrap  The  inclusions  such  as  tungsten  welding  electrode 
tips,  molybdenum  or  tantalum  fasteners,  or  tungsten  carbide  tool  bit  pieces  sink  into  the 
skull  of  solid  and  mushy  titanium  contained  in  the  cold  water  cooled  copper  hearth  as  the 
liquid  metal  flows  over  the  hearth  (2)  In  1984  General  Electric  Aircraft  Engines 
approached  Axel  Johnson  Metals  to  investigate  the  removal  of  low  density  inclusions 
(primarily  titanium  nitrides)  by  EBCHR  using  AJM’s  2  megawatt  furnace  The  subsequent 
development  efforts  included  many  melting  trials  in  which  the  furnace  geometry  and  melting 
parameters  were  varied  and  tested  by  melting  feedstock  which  had  been  seeded  with  known 
high  mterstial  defect  (HID)  formers  This  work  resulted  in  a  commercial  process  to  produce 
'clean  titanium  alloy"  as  reported  at  the  198S  titanium  conference.  Figure  2  (1) 


Figure  2.  Hearth-refined  alloy  titanium  ingots 
for  aerospace  application. 


The  "clean  titanium"  EBCHR  process  has  grown  commercially  since  1988  extending  to 
advanced  alloys  such  as  Ti-17  as  well  as  to  Ti-6Al-2Sn-4Zr-2Mo.  The  process  is  being 
more  widely  accepted  following  the  FAA  report  on  the  titanium  industry  after  the  Sioux  City 
DC- 10  crash.  (3)  Much  has  been  learned  about  optimizing  the  process  by  using  special 
furnace  geometries,  heat  and  flow  patterns,  and  sensors.  The  EBCHR  process  has  recently 
been  joined  commercially  by  a  plasma  torch  heated  hearth  melting  process  (PAM).  (4) 

Over  2,700  MT  (6  million  lbs.)  of  hearth  refined  "clean  titanium"  has  been  produced  to 
date.  In  response  to  this  increased  demand,  a  new  3.3  megawatt  EBCHR  furnace  has  been 
built  and  qualified  at  AJM’s  Morgantown,  PA,  USA  facility.  (5)  All  indications  are  that 
hearth  refining  (EB  or  Plasma)  will  be  used  to  process  most  titanium  alloys  for  premium 
quality  aerospace  applications  in  the  future. 

MaxiMelt 

The  capacity  of  the  2  megawatt  EBCHR  furnace  which  AJM  brought  on  stream  in  1983 
had  been  reached  by  1988.  It  was  time  to  design  a  new  furnace.  A  market  review  indicated 
the  need  to  scale  up  the  existing  furnace  by  about  50%.  The  resulting  design  featured  3.3 
megawatts  of  power  with  three  600  kW  and  two  750  kW  EB  runs,  six  50,000  liter/sec 
diffusion  pumps,  and  a  larger  ingot  and  slab  casting  capacity.  New  mold  sizes  included  a 
508  x  1524  x  4699  mm  (20  inch  x  60  inch  x  185  inch)  mold  for  titanium  slabs  weighing 
16.4  MT  (36,000  lb.)  and  a  914  mm  diameter  x  4699  mm  (36  inch  dia.  x  185  inch)  mold 
for  titanium  ingots  weighing  up  to  13.6  MT  (30,000  lb.).  (5) 

The  overall  layout  of  the  furnace  uses  two  melt  chambers  so  that  while  one  chamber  is  in 
production,  the  other  chamber  can  be  cleaned  out  and  maintained.  Figure  3.  The  power 
lid  can  be  easily  switched  from  one  chamber  to  the  other  as  can  the  pumping,  feeding,  and 
casting  systems.  The  melting  chambers  are  large  enough,  4m  (13  foot)  diameter,  to  allow 
a  large  patented  "C"  shaped  refining  hearth  geometry  and  spray  baffle  to  be  optimized  for 
producing  hearth  refined  "clean”  titanium,  Figure  4.  (6)  A  computerized  beam  energy 
distribution  system  is  utilized  to  provide  maximum  flexibility  and  memory  recall  of  pre¬ 
set  distribution  programs. 
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Figure  3.  Schematic  drawing  of  3.3  megawatt,  dual  chamber 
MaxiMelt  electron  beam  furnace. 


Figure  4.  Overhead  view  of  "C*  shaped  hearth  and  mold  geometry  containing  solidified 
titanium  skull.  Melt  zone  is  at  top  of  photo,  refining  hearth  is  on  left 
side;  empty  slab  mold  is  at  bottom. 
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AJM  acted  as  general  contractor  for  this  installation  using  Retech,  Inc.,  for  mechanical 
components  and  Innotech,  Inc.,  for  power  supplies  and  controls  for  the  Von  Ardenne 
electron  beam  guns  purchased  from  Bakish  Materials  Corporation.  Local  contractors  erected 
the  furnace.  Assembly  of  the  furnace  started  in  January,  1990  after  one  year  of  engineering 
and  fabrication.  The  first  ingot  was  cast  in  September,  1990  with  commercial  operation 
following  immediately.  Figure  5. 


Figure  5.  Side  view  of  MaxiMelt  dual  chamber  furnace. 


The  "MaxiMelt"  or  "B"  furnace  was  designed  for  a  nominal  4500  MT  (10  million  lbs.)  per 
year  capacity  (varies  with  product  mix)  which  together  with  the  smaller  "A"  furnace 
provides  a  nominal  6800  MT/year  (15  million  lbs./year)  of  EBCHR  capacity  in  the  AJM 
melt  shop. 


New  Developments 

On-Line  Chemistry  Control 


During  the  Sixth  World  Titanium  Conference  and  at  subsequent  events,  a  system  for  on¬ 
line,  real  time  chemical  analysis  based  on  energy  dispersive  x-ray  (EDX)  spectroscopy  was 
described.  (1)  This  system  had  worked  well  during  laboratory  trials  and  there  was  reason 
to  believe  it  would  also  be  successful  in  an  industrial  environment.  Unfortunately,  several 
problems  were  experienced  which  greatly  retard  d  the  further  development  of  the  system. 
These  problems  included  the  high  number  of  bac ;  scattered  and  secondary  electrons  which 
are  present  in  large  industrial  furnaces  and  the  srrall  fluctuations  in  beam  focus  and  location 
caused  by  small  (approximately  5  (im)  pressure  vnanges  in  the  furnace  atmosphere. 
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Development  of  the  EDX  system  was  suspended  in  1990  in  favor  of  a  twin  wavelength 
spectroscopy  system  being  developed  at  Forschungsgesellschaft  fur  Elektronenstrahl  und 
Plasmatechnik  mbH  (FEP),  a  former  division  of  the  Manfred  Von  Ardenne  Institute  in 
Dresden,  Germany.  The  twin  wavelength  x-ray  monitoring  system  (TXM)  measures  the 
intensity  at  two  pre-selected  wavelengths  in  the  x-ray  spectrum.  One  wavelength  is  a 
characteristic  wavelength  of  the  element  of  interest,  such  as  A1  or  Cr,  and  the  second 
wavelength  is  part  of  the  background,  or  bremsstrahlung,  radiation.  The  ratio  of  the 
intensity  at  these  wavelengths  can  be  correlated  to  the  chemistry  of  the  molten  pool  using 
a  package  of  custom  software.  The  system  was  described  in  more  detail  by  N.  Schiller  in 
a  paper  at  the  1991  Reno  EB  Conference.  (7) 

Axel  Johnson  Metals  has  joined  with  FEP  and  Bakish  Materials  Corporation  to  continue 
the  development  and  installation  of  the  first  industrial  TXM  system.  These  three 
organizations  have  also  executed  a  commercial  agreement  for  the  marketing  and  distribution 
of  similar  systems. 


The  term  "condensate''  is  usually  given  to  all  types  of  deposits  which  form  on  the  internal 
walls  and  structures  of  the  vacuum  chamber  in  an  EB  furnace.  The  management  of 
condensate  has  been  an  issue  since  the  early  days  of  electron  beam  melting. 

Although  often  described  by  the  same  term,  "condensate”  really  takes  two  primary 
morphologies.  The  first  type  is  the  classical  form  in  which  evaporating  species  leave  the 
molten  bath  in  the  gaseous  state  and  travel  to  cooler  structures  within  the  vacuum  chamber 
where  they  condense  to  a  solid  coating. 

The  second  type  of  deposit  is  not  related  to  evaporation  from  the  molten  bath.  This  type 
of  deposit  would  be  more  accurately  described  as  "spatter"  since  it  results  from  the  ballistic 
transfer  of  small  liquid  and  solid  pieces  of  the  raw  material  from  the  melt  zone  to  the  walls 
and  overhead  screen.  This  type  of  deposit  is  most  commonly  caused  by  the  explosive 
release  of  trapped  gases  and  chlorides  from  titanium  sponge  which  has  not  been  vacuum 
distilled. 

Various  strategies  have  been  developed  over  the  years  for  dealing  with  both  true  condensate 
and  spatter.  The  most  common  and  most  successful  strategies  have  been  to  provide  an 
overhead  screen  and  other  similar  places  to  collect  and  retain  the  deposits  and  to  control  the 
selection  of  raw  materials  charged  into  the  furnace.  Advances  have  been  made  in  recent 
years  in  such  areas  as  screen  design  and  construction,  the  installation  of  vertical  spray 
shields,  and  the  usage  of  higher  proportions  of  vacuum  distilled  sponge.  These  changes, 
while  certainly  helpful,  have  been  gradual  in  nature.  Efforts  are  now  underway  to  identify 
and  implement  breakthrough  technologies  to  provide  a  major  improvement  in  condensate 
management.  Techniques  now  being  studied  include  dynamic  removal  of  the  deposits 
between  ingots  by  thermal  shock,  vibration,  and  melting.  Furnace  operation  at  increased 
pressure  (100>mi)  is  being  investigated  to  attempt  to  reduce  evaporation  along  with  carefully 
programmed  electron  beam  energy  distribution  and  liquid  metal  surface  temperature 
monitoring.  The  interior  geometry  of  the  furnaces  is  being  evaluated  and  modified  to 
minimize  the  area  of  condensing  surfaces  close  to  the  liquid  metal  including  such 
developments  as  low  profile  hearth  and  mold  configurations.  Melting  techniques  are  also 
being  developed  to  continually  recycle  (reflux)  spray  deposits  from  sponge  as  they  occur  in 
the  melt  area. 


Conclusion 


Electron  Beam  Cold  Hearth  Refining  has  experienced  substantial  growth  over  the  past  four 
years  in  capacity,  quality,  and  commercial  acceptance.  Many  applications  such  as  hollow 
ingot  casting,  improved  scrap  recycle  techniques,  and  more  efficient  sponge  melting  are  to 
be  expected  in  the  next  four  years. 
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Abstract 

Electron  beam  remelting  ("drip  melting"  or  "cold  hearth  refining")  is  a  technique  which  is 
frequently  used  for  the  production  of  titanium  alloys.  In  order  to  describe  the  thermal  behaviour 
of  the  remelted  ingot,  a  mathematical  model  has  been  used.  The  model,  which  involves  a 
numerical  solution  of  the  heat  transfer  equation  in  the  ingot  during  its  growth,  calculates  the 
temperature  distribution  in  the  ingot,  the  profile  of  the  melt  pool,  the  overall  heat  balance  and 
the  weight  losses  due  to  evaporation  of  liquid  metal,  for  all  stages  of  the  remelting  operation. 
The  results  of  melt  simulations  are  presented  and  discussed.  The  effect  of  variations  in  the 
operating  parameters  (melting  rate,  gun  power,  beam  focusing)  is  described. 


Introduction 

Over  the  last  decade,  the  increasing  demand  for  high  purity  ultra-clean  titanium  and 
titanium  alloys  has  led  to  a  growing  interest  in  the  electron  beam  remelting  process  (1).  Two 
remelting  processes,  employing  one  or  more  electron  guns,  are  in  use  today  : 

-  the  discontinuous  “Drip  Melting”  technique,  in  which  a  primary  ingot  is  melted  by  the 
electron  beam(s),  the  resulting  metal  droplets  forming  a  secondary  ingot  which  solidifies 
in  a  water-cooled  copper  crucible, 

-  the  continuous  “Electron  Beam  Cold  Hearth  Refining  (EBCHR)”  process,  involving  a 
purification  and  inclusion  separation  stage  in  a  cold  hearth  furnace  before  ingot 
formation. 

The  present  paper  treats  this  secondary  ingot  formation  stage,  which  is  common  to  both 
processes.  Mathematical  modelling  represents  a  powerful  tool  for  analyzing  and  optimizing  the 
process,  which  involves  numerous  interdependent  physical  phenomena,  and  where  an 
experimental  approach  is  difficult,  due  to  the  high  temperatures  attained.  The  study  carried  out 
at  the  School  of  Mines  in  Nancy,  which  is  presented  here,  is  based  on  the  development  of  a 
thermal  model  of  the  secondary  ingot  and  its  application  to  the  remelting  of  titanium. 
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Presentation  of  the  model 


The  model,  which  draws  strongly  on  the  simulation  of  the  consumable  electrode  vacuum 
arc  remelting  process  recently  developed  in  Nancy  (2,3)  and  based  on  the  pioneering  work  of 
Ballantyne  and  Mitchell  (4),  involves  the  numerical  solution  of  the  heat  transfer  equation  in  the 
ingot,  with  appropriate  boundary  conditions. 


Assumptions 

The  geometry  is  axisymmetrical.  This  assumption  reduces  the  problem  to  two  spatial 
dimensions,  r  and  z. 

The  ingot  build-up  during  melting  is  simulated  by  adding  a  certain  quantity  of  metal  to  the 
top  of  the  ingot  at  time  intervals  determined  by  the  rate  of  filling  of  the  mould. 


Heat  balance  equation 

Taking  into  account  the  above  assumptions,  this  equation  is  written: 
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where  T  represents  the  temperature,  t  the  time,  p  the  density  and  X  the  thermal  conductivity. 

The  model  takes  account  of  turbulent  movement  in  the  liquid  pool  by  multiplying  the 
thermal  conductivity  by  a  factor  F,  equal  to  1  in  the  solid  ingot.  The  value  of  F  in  the  liquid 
pool  is  an  adjustable  parameter  in  the  model 

The  dissipation  of  latent  heat  during  solidification  and  the  (J  -MX  transition  is  taken  into 
account  by  using  an  equivalent  specific  heat  Cp*,  the  specific  heat  being  increased  by  a  fraction 
of  the  latent  heat  during  the  phase  transformation. 


Boundary  condition  at  the  ingot  top 

As  far  as  boundary  conditions  are  concerned,  the  main  difference  between  this  model  and 
VAR  modelling  is  the  boundary  condition  at  the  top  of  the  ingot.  During  E.B.  remelting,  heat 
transfer  at  the  free  surface  of  the  melt  pool  is  a  complex  phenomenon  involving  : 

-  the  direct  energy  input  from  the  electron  beams, 

-  radiation  from  the  free  surface  to  the  furnace  walls, 

-  the  heat  of  volatilization  of  the  metal  and  impurities, 

-  the  enthalpy  supplied  by  the  liquid  droplets  which  feed  the  melt  pool. 

At  the  point  of  impact  of  the  beam,  the  kinetic  energy  of  the  electrons  is  converted  to  heat 
energy,  but  the  backscattered  electrons  are  responsible  for  high  losses,  whose  value,  which 
depends  on  the  metal  bombarded  and  the  angle  of  incidence  of  the  beam,  represents  between  30 
and  50  %  of  the  incident  energy  in  the  case  of  titanium.  The  notation  Peff  will  be  used  below  to 
represent  the  effective  thermal  power  supplied  to  the  free  surface. 

The  electron  beam,  which  produces  a  spot  of  about  one  centimetre  in  diameter,  sweeps 
the  surface  of  the  liquid  metal,  combining  a  rotational  movement  about  the  axis  of  symmetry 
with  a  radial  movement  perpendicular  to  the  axis.  During  the  passage  of  the  beam,  the 
temperature  of  the  liquid  rises  sharply,  then  decreases  again.  Tripp  and  Mitchell  (5)  have 
shown  that,  for  a  sweeping  frequency  grea'er  than  50  Hz,  the  thermal  cycles  become 


sufficiently  close  together  for  the  surface  temperature  to  tend  towards  a  quasi-stationary  state. 
In  order  to  take  account  in  the  model  of  the  accuracy  and  flexibility  of  the  electron  gun  control, 
the  distribution  of  the  heat  energy  imposed  on  the  pool  surface  has  been  defined  by  the  sum  of 
two  terms : 

-  a  uniform  flux  density, 

-  a  flux  density  with  a  Gaussian  distribution  curve,  with  standard  deviation  a  and  centered 
on  a  radius  rc. 


The  contribution  of  each  of  these  terms  is  determined  by  their  ratio  a.  Thus,  o,  rc  and  a 
represent  three  degrees  of  freedom  which  have  enabled  the  simulation  of  widely  different 
thermal  energy  distributions.  The  energy  flux  density  supplied  by  the  electron  beams  can 
therefore  be  described  in  the  form  : 
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where  R  is  the  radius  of  the  crucible. 

The  molten  metal  surface  radiates  to  the  furnace  walls,  whose  mean  temperature  is  equal 
to  Tfur.  The  heat  flux  density  dissipated  by  radiation  at  the  free  surface  is  therefore  to  a  first 
approximation  : 


tpr  =  eo'  (T4  -  Tfur ) 


(3) 


where  e  is  the  emissivity  of  the  liquid  metal  and  o'  is  the  Stefan-Boltzmann  constant. 

The  presence  of  a  high  vacuum  (of  the  order  of  1(H  mm  Hg)  in  the  furnace  enhances 
volatilization  of  the  metal.  According  to  Langmuir  s  law  (6),  the  weight  flux  density  of 
evaporated  titanium  Jxi  is  thus  expressed  : 


hi  ~  P°Ti  *\J  2  7t  R  T  ^ 

where  Mxi  represents  the  molecular  weight  of  titanium,  P°xi  its  saturating  vapour  pressure  at 
the  surface  temperature  T  and  R  is  the  perfect  gas  constant. 

The  heat  flux  density  due  to  volatilization  is  thus  ft***  hy  : 

<pv  =  h  1 -  (5) 

where  Ly  is  the  enthalpy  of  evaporation  of  liqwd  atami 

Because  of  their  low  concentrations,  the  hut  <v.  ,,  _ ,itmi  of  the  impurities  makes  a 

negligible  contribution  to  the  overall  thermal  balan,*  Hauily.  as  described  above,  the  heat 
input  associated  with  the  addition  of  metal  at  the  top  of  the  ingot  is  also  taken  into  account 

The  situation  at  the  top  of  the  ingot  used  in  the  model  corresponds  to  a  Neumann 
condition  ’ 


<p  =  <Peb  -  <Pr  -  <Pv 


(6) 


where  <p  represents  the  total  energy  flux  density  supplied  to  the  free  surface. 

Numerical  solution 

A  finite  volume  numerical  method  was  chosen  to  solve  the  heat  equation  in  the  time 
intervals  between  two  additions  of  molten  metal.  In  order  to  ensure  good  numerical  stability, 
the  alternating  direction  implicit  (A.D.l.)  procedure  was  employed.  This  numerical  technique  is 
based  on  the  tridiagonal  matrix  solution  algorithm.  The  mesh  size  employed  is  typically  20  x 
100  nodes,  with  time  increments  of  about  1  second. 

Results  obtained  with  the  model 

The  model  calculates  the  temperature  distribution  in  the  ingot  at  any  instant  during  the 
remelting  operation.  The  shape  and  volume  of  the  melt  pool  are  thus  obtained  from  the  “melting 
temperature”  isotherm.  Figure  1  shows  an  example  of  the  temperature  distribution  in  a  titanium 
ingot  at  the  end  of  melting,  for  the  operating  parameters  given  in  table  I. 

Table  I  -  Operating  conditions  for  the  reference  melt 


Crucible  radius  (m) 

Melting  rate  (kg/h) 

1 

Total  ingot  weight  (kg) 

6200 

Effective  thermal  power  Peff  (kW) 

400 

Fraction  of  power  distributed  uniformly  a 

1 

Figure  1  -  Temperature  distribution  (K)  in  Figure  2  -  Shape  and  depth  of  the  melt  pool 

the  ingot  at  the  end  of  the  reference  melt.  at  different  stages  of  the  reference  melt. 
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For  this  same  melt,  figure  2  shows  the  shape  of  the  melt  pool  calculated  at  different 
stages  The  depth  and  volume  of  the  melt  pool  increase  at  the  beginning  of  meldng  and  attain  a 
constant  value  corresponding  to  a  quasi-stationary  regime  in  the  upper  part  of  the  ingot.  In 
particular,  the  shape  of  the  melt  pool  then  remains  unchanged.  The  large  volume  attained 
(V  =0.13  m3)  and  the  thermal  gradients  between  the  surface  of  the  liquid  metal  (maximum 
temperature  2139  K)  and  the  solidification  front  (melting  temperature  1943  K)  suggest  that  the 
natural  thermal  convection  currents  are  strong  and  highly  turbulent.  The  value  of  the 
multiplying  factor  F  must  therefore  be  high.  For  this  simulation,  it  was  taken  to  be  F  =  8. 

The  determination  of  the  overall  heat  balance  at  any  instant  during  melting  makes  it 
possible  to  compare  the  different  thermal  contributions,  and  to  verify  the  internal  coherency  of 
the  model.  The  diagram  in  figure  3  shows  the  energy  balance  calculated  at  the  end  of  remelting, 
for  the  operating  conditions  given  in  table  I. 


Figure  3  -  Thermal  balance  of  the  ingot  at  the  end  of  the  reference  melt. 

The  model  also  enables  calculation,  at  any  stage  of  remelting,  of  the  weight  losses  due  to 
titanium  evaporation,  and  thus  of  the  total  losses  during  the  operation. 

Application  of  the  model 

The  model  constitutes  an  efficient  tool  for  analyzing  the  influence  of  the  operating 
parameters  on  the  thermal  characteristics  of  the  process.  Different  titanium  remelting  operations 
have  been  simulated,  with  separate  variations  in  melting  rate,  gun  power  and  incident  energy 
distribution,  compared  to  the  reference  test. 

Figure  4  shows  the  variation  of  the  final  melt  pool  volume  with  the  melting  rate.  When 
the  melting  rate  increases,  the  heat  contained  in  the  liquid  metal  droplets  cannot  be  dissipated 
sufficiently  rapidly  in  the  ingot,  and  the  volume  of  the  melt  pool  increases.  These  results  are  in 
agreement  with  the  well  established  behaviour  in  vacuum  arc  remelting  (2,4),  where  both 
numerical  calculations  and  experimental  observations  reveal  that  the  depth  of  the  melt  pool 
increases  with  melting  rate.  For  a  complete  remelting  operation  (whose  duration  is  inversely 
proportional  to  the  melt  rate),  figure  5  shows  that  the  titanium  losses  due  to  volatilization  are 
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considerably  increased  at  low  melting  speeds,  requiring  frequent  recovery  of  the  metal 
co  idensed  on  the  furnace  walls  and  on  the  E.B.  gun  protection  shields. 


meldng  rate  (kg/h) 


too  too  1000 

meldng  rate  (kg/h) 


Figure  4  -  Influence  of  melting  rate  on  Figure  5  -  Influence  of  meldng  rate  on 

the  final  melt  pool  volume.  the  total  dtanium  losses. 

Raising  the  effective  thermal  power  input  at  the  top  of  the  ingot  markedly  affects  the 
degree  of  superheating  in  the  liquid  metal,  and  contributes  to  the  increase  both  in  the  melt  pool 
volume  (figure  6)  and  the  titanium  losses  due  to  voladlizadon  (figure  7). 


Figure  6  -  Influence  of  the  effective  power 
on  the  rmal  melt  pool  volume. 


effective  power  Peff  (kW) 


Figure  7  -  Influence  of  the  effective  power 
on  the  total  dtanium  losses. 


The  melting  rate  and  the  effective  thermal  power  imposed  on  the  ingot  surface  are  two 
parameters  which  can  bt  varied  during  an  E.B.  remelting  operation.  In  order  to  reduce  dtanium 
losses  by  volatilization,  ti  e  operator  can  work  with  both  a  high  meldng  rate  and  a  low  thermal 
input  at  the  ingot  surface.  L  y  comparing  two  simulations,  table  II  illustrates  the  extent  to  which 
metal  losses  can  be  reduced,  without  appreciably  modifying  the  shape  and  depth  of  the  melt 
pool  The  independence  of  the:  two  operating  parameters,  meldng  rate  and  heat  input  imposed  at 
the  liquid  metal  surface,  represents  a  major  advantage  of  the  E.B.  remelting  process  over  the 
"competitor"  VAR  technique. 


Table  II  -  Reduction  of  titanium  losses  by  adjustment  of  the  operating  conditions 


Melting  rate 
(kg/h) 

PcfT 

(kW) 

Maximum 
superheat  (K) 

Final  melt  pool 
volume  (m3) 

Total  melt 
duradon  (min) 

Total  losses 
(kg) 

550 

400 

196 

0.130 

700 

46.5 

800 

300 

100 

0.126 

465 

11.0 

Figures  8  and  9  illustrate  the  effect  of  focusing  the  thermal  power  of  the  guns  on  the  final 
melt  pool  volume  and  on  the  metal  losses  due  to  volatilization.  When  the  power  distribution  is 
centered  on  the  symmetry  axis  and  strongly  focused,  the  radiation  from  the  metal  surface  and 
the  cooling  at  the  crucible  walls  lead  to  a  drop  in  temperature  at  the  periphery  sufficient  to  form 
a  broad  ring  of  solidified  metal,  thus  reducing  the  volume  of  the  melt  pool.  The  maximum 
temperatures  attained  at  the  center  of  the  ingot  are  very  high  (superheat  greater  than  500  K  for 

o  =  0.15  m),  leading  to  heavy  metal  evaporation. 


Figure  8  -  Influence  of  focusing  the  electron 
beams  on  the  final  melt  pool  volume. 

(rc  =  0  m,  a  =  0) 


Figure  9  -  Influence  of  focusing  the  electron 
beams  on  the  total  titanium  losses. 

(rc  =  0  m,  a  =  0) 


Furthermore,  for  sufficiently  low  melt  rates  and  specific  localizations  of  the  electron  beam 
power,  certain  unusual  temperature  distributions  and  melt  pool  shapes  can  be  obtained.  Thus, 
when  the  power  is  focused  on  the  edge  of  the  molten  metal  surface,  a  “raft”  of  solid  appears  at 
the  center  of  the  melt  pool  (figure  10).  According  to  Mitchell  (7),  a  similar  phenomenon  has 
been  observed  in  practice  for  appropriate  gun  procedures,  and  has  been  used  to  obtain  ingots 
with  a  very  fine  grain  structure. 


\  \sohd/  J 

\  liquid  pool  / 

| 

solidified  ingot 

Figure  10  -  Shape  of  the  melt  pool  at  the  end  of  melting  when  the  E.B.  power  is  localized  at  the 

periphery. 

Conclusions 

A  thermal  model  of  the  secondary  ingot  formation  stage,  common  to  both  the  Drip 
Melting  and  E.B.C.H.R.  processes,  has  been  developed  at  the  Nancy  School  of  Mines  and 
used  to  simulate  the  remelting  of  titanium.  Particular  attention  has  been  paid  to  the  thermal 
conditions  at  the  top  of  the  ingot,  taking  into  account  the  radiation  from  the  free  surface  to  the 
furnace  walls  and  the  heat  of  volatilization  of  the  metal. 

This  mathematical  model  calculates  the  temperature  distribution  in  the  ingot  at  any  instant 
during  remelting,  and  consequently  defines  the  shape  and  volume  of  the  melt  pool.  It  has  been 
used  to  study  the  influence  of  the  operating  conditions  on  the  melt  pool  volume  and  the  metal 
losses  due  to  volatilization. 
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Abstract 

The  water-cooled  copper  tip  of  the  rotating  non-consumable  electrode  of  the 
vacuum  arc  remelt  furnace  is  highly  charged  by  temperature,  which  results 
in  distortion  of  the  tip  shape  and  its  internal  water  cooling  system, 
followed  by  decreased  service  life. 

During  melting  time  the  temperature  gradient  has  been  determined  at 
different  measuring  points  on  the  tip  and  its  cooling  water  for  different 
melting  currents  and  for  varied  electrode  positions.  Test  results  show 
characteristic  data  for  t lie  melt  history  and  point  the  way  to  process 
improvements . 


Introduction 


The  melting  technology  by  consumable  electrode  in  vacuum  arc  furnace  is 
mainly  used  for  all  kinds  of  melting  titanium.  That's  why  melting 
conditions  like  molten  pool  volume,  distance  from  pool  level  to  crucible 
edge  and  degassing  conditions  vary  greatly.  Input  of  small  scrap  for 
primary  melting  is  limited. 

Primary  melting  by  using  the  non-consumable  electrode  vacuum  arc  melting 
piocess  with  continuous  feeding  of  raw  materials  allows  high  scrap  and  chip 
feed  rates.  Combined  with  cold  hearth  melting  a  better  control  and 
dissolution  of  harmful  contaminations  is  possible  (1,2,3). 

The  non  consumable  rotating  electrode  is  moved  over  all  areas  of  the  molten 
pool  durinq  melting,  whereby  the  water-cooled  copper  lip  is  in  a  continuous 
motion  relative  to  the  arc  between  the  electtode  and  the  molten  pool.  This 
allows  the  melting  of  continuously  fed  raw  material.  The  electrode  tip  is  a 
prominent  part  of  the  equipment.  It  is  exposed  to  high  temperature  and 
distortion  which  greatly  influence  the  service  life. 
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Objective  of  this  investigation  is  to  determine  the  correlation  between 
melting  condition,  energy  exchange  and  temperature  influence  on  the  tip  of 
the  non-consumable  electrode. 


Experimental  procedure 

The  temperature  distribution  in  the  wall  of  the  copper  tips  of  the  elec¬ 
trode  has  been  measured  by  mostly  four  thermocouples  which  were  fit  in 
different  distances  from  the  tip  surface  located  as  shown  in  Figure  1. 


Figure  1:  Schematical  diagramm  of  the  furnace  and  location  of  the 
measuring  points  in  the  electrode  tip 

The  smallest  possible  distance  between  the  single  measuring  point  and  the 
tip  surface  is  3  mm.  The  bundled  thermocouple  wires  have  been  situated 
within  the  inner  water  tube  over  the  whole  length  of  the  electrode  up  to  a 
mercury  collector,  where  the  measured  voltage  is  deducted  from  the  rotacing 
electrode.  This  allows  an  undisturbed  measurement  of  the  temperature  in  the 
electrode  tip  during  the  whole  melting  time. 

All  signals  are  recorded  by  a  process  computer.  The  cyclus  of  measuring  is 
between  2  and  600  s,  providing  information  about  short  time  processes,  like 
the  influence  of  electrode  revolution  on  time-temperature  profiles  at  “ach 
of  the  electrode  tip  thermocouple  locations. 

Investigations  have  been  carried  out  on  heats  of  c.p.  titanium  and  titanium 
alloys,  mainly  Ti6A14V.  The  ingot  diameter  varies  between  500  and  750  mm, 
the  ingot  weight  between  3000  and  6000  kg.  The  raw  materials  consists  of 
sponge,  alloying  additions  and  feedstock  scrap  including  chips. 


Results  and  discussion 


Time  depending  operation  characteristics. 

The  melting  current  for  a  typical  melt  process  during  a  melting  time  of 
about  6  It  is  shown  in  Figure  2. 


Figure  2:  Melting  current  during  melting  time 

At  the  beginning,  the  melting  current  is  increased  in  several  steps  from  8 
to  10,  12,  14  KA  and  after  2  h  for  a  period  of  lb  min  to  16  kA.  Besides 
this,  the  diagram  shows  some  interruptions  of  melting  current  only  for  some 
seconds,  which  mostly  correspond  to  extremely  high  voltage  fluxuations 
amplitudes  as  shown  in  Figure  3. 


Figure  3:  Melting  voltage  during  melting  time 
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The  melting  voltage  is  in  a  close  correlation  with  the  distance  of  the 
electrode  trom  the  molten  pool  surface.  Figure  4  shows  the  superimposing 
influences  of  the  permanent  changing  position  of  the  electrode  tip  over  the 
molten  pool  and  the  adapted  distance  to  it  which  is  automatically  kept  by 
the  control  system,  operating  in  the  voltage  control  mode. 


m«ltlng  tim#  (min) 


Figure  4:  Lift  of  the  electrode  during  melting  time 

The  flow  of  cooling  water  in  the  electrode  decreases  about  1  %  only  during 
the  melting-time  and  the  temperature  of  the  cooling  water  slightly  varies. 
The  temperatuie  between  incoming  and  outgoing  cooling  water  of  the 
electrode  differs  constantly  at  4  °C. 

The  copper  wall  of  the  electrode  tip  however  is  much  more  influenced  by 
variations  of  temperature.  The  absolute  temperature  depends  very  much  on 
the  distance  of  the  measuring  point  from  the  tip  surface  as  well  as  on  its 
position  within  the  tip.  While  the  maximum  value  of  the  temperature  in  the 
tip  center  (Figure  1,  measuring  point  1)  leaches  120  C  with  a  relative  low 
spread  (Figure  f>)  ,  the  temperature  on  top  of  the  tip  increases  to  100  °C 
and  even  more  (Figure  1,  measuring  point  3)  with  an  extensive  spread  as 
shown  in  Figure  6. 

When  the  melting  starts  and  ttie  amperage  is  increased  step  by  step,  the 
temperature  in  the  tip  rises,  too.  Short  time  interruption  of  melting 
current  causes  an  immediate  drop  of  the  temperature  in  the  electrode  tip 
close  to  20  C. 
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Figure  5:  Hall  temperature  in  electrode  tip  (measuring  point  1) 
during  melting  time 
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Figure  6:  Hall  temperature  in  the  electrode  tip  (measuring  point  3) 
during  melting  time 


Correlation  ot  electrical  power  and  heat  (low . 

The  simultaneous  data  logging  of  melting  current  and  voltage  permits 
calculation  of  the  electrical  power  directly  as  their  product.  Much  of  the 
electrical  power  is  transformed  into  heat  of  which  an  indication  is  found 
in  the  temperature  level  of  the  cooling  water  of  the  electrode.  A  higher 
melting  rate  increases  the  heat  charge  of  the  electrode  and  also  the  heat 
flow,  which  is  led  away  by  the  cooling  water  as  shown  in  Figure  7. 
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Figure  7:  Heat  flow  in  the  electrode  in  as  influenced  by  the  melting 
power 

Occurrences  in  the  electrode  tip. 

The  electrode  tip  is  mechanically  and  thermal  highly  charged  by  the  mostly 
unavoidable  touching  of  the  melting  material  which  creates  an  attack  of  the 
tip  surface.  Even  more  destructive  is  the  distortion  of  the  electrode  tip. 
It  narrows  the  cooling  water  ducts,  can  cause  cracks  and  limits  its  service 
life. 

Temperature  gradient .The  measuring  point  1  has  been  situated  in  the  center 
of  the  tip,  just  below  the  inner  water  tube,  where  the  cooling  water 
streams  out.  The  other  measuring  points,  2,  3  and  4,  are  situated  in  the 
area  of  the  wandering  source  of  the  arc.  Because  of  their  short  distance 
from  the  molten  pool  surface  they  are  subjected  to  extreme  conditions.  The 
flow  rate  of  cooling  water  in  this  area  is  very  high  and  the  temperature 
changes  rapidly. 

For  getting  a  better  recorded  short  time  information  the  course  of 
temperature  and  the  position  of  the  electrode  have  been  expanded  and 
limited  to  4  min  only  as  shown  in  Figure  8. 


Figure  8:  Course  of  wall  temperature  and  lift  of  the  electrode 
during  melting  time  (measuring  point  3) 
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Tt  clearly  shows  the  dependence  of  the  course  of  temperature  upon  the 
electrode  distance  from  the  molten  pool.  It  the  arc  is  interrupted  and  the 
electrode  pulls  hack,  t lie  wall  temperature  of  the  electrode  tip  will  cool 
qmcklv  by  about  40  C.  The  rotation  of  the  electrode  doesn't  induce  a 
cyclic  temperature  variation  as  supposed.  It  is  impossible  to  establish 
such  an  effect  even  by  more  stretching  the  recording,  not  even  foi  the 
smallest  possible  distance  of  .1  mm  between  the  measuring  point  and  the  tip 
surface. 

The  courses  ol  lempeiature  of  measuring  point  1  and  0  are  similar  to  the 
measuring  point  3,  onl\  the  amplitudes  are  diminished.  All  test  results  of 
measuring  point  4  are  remarkable  because  of  their  reflected  lmaqe  to  all 
other  points.  There  are  grounds  for  the  assumption  that  this  is  caused  by 
the  wandering  of  the  arc  from  the  inner  side  to  the  outside  of  the  pad  of 
the  electrode  tip. 


Influence  of  electrode  position  and  melting  amperage.  Independent  of 
measuring  point  and  melting  amperage  there  is  a  scattering  of  the  various 
tip  wall  temperatures,  which  increase  with  increasing  amperages  between  8 
and  16  kA  as  shown  in  figure  9  for  a  time  lange  between  5  and  10  min.  It 
shows  the  high  alternating  temperature  loading  of  the  tip. 

If  the  continous  electrode  rotation  is  stopped  for  a  few  seconds,  the 
temperature  in  the  electrode  tip  will  remain  nearly  constant. 

The  angularly  mounted  electrode  directed  assymetricly  to  the  crucible 
doesn't  influence  the  temperature  in  the  electrode.  The  thermal  strain  ol 
the  electrode  tip  is  nearly  constant  over  the  whole  molten  pool  surface 
independent  of  tlie  crucible  diameter  between  bOO  and  750  mm. 
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Figure  9:  Influence  of  melting  current  on  the  wall  temperature 
of  the  electrode  tip 


An  essential  reason  for  the  permanent  temperatme  variation  in  the  elec 
t rode  tip  is  probably  the  turbulent  molten  pool  surface,  which  changes 
continuouslv  when  raw  materials  aie  charged.  If  the  charged  material  is 
melted  down  and  dissolved  completely  and  the  feeding  of  raw  materials  is 
Intel rupted,  the  measured  temperatures  in  the  electiode  tip  will  be  much 
moie  unifotm  even  if  the  e let  rode  moves. 

tin  condition  that  the  local  course  of  temperature  is  quas i - st at lonary  the 
temperatme  of  the  copper  tip  at  its  inner  water  cooled  surface  make  infer 
an  amount  of  70  to  90  C  by  lineary  ext i a  polat ion .  The  outer  surface 
teaches  900 ,  660  and  9)0  at  melting  eurients  of  10,  11  and  16  6A. 

A  I  in  Diet  j  net  ease  of  melting  current  exceeding  16  k.A  should  be  molded 
in  view  of  the  service  life  of  the  copper  tip  of  the  electrode. 


Electrode  cooling.  Safe  and  effective  cooling  is  important  for  a  favourable 
service  life  of  the  electrode  tip.  There  have  been  established  several 
design  changer:  to  optimize  the  stream  of  water  arid  the  heat  exchange  at 
!  lie  tip.  Hie  buckling  behaviour  at  the  radiussed  shape  of  the  tip  cannot  be 
pi  event  i'd  romplet  e|  v .  Hovevei  ,  the  internal  water  pressure  can  he  sliahtlv 
d  1  mi  n  i  shed  ,i  ml  I  tie  st  learn  of  vatei  ran  he  increased. 


Conclusion 

Ihe  measured  data  show  t  hr  roi  relation  between  electrical  efticiencv  and 
heating  stiearn  as  well  as  the  influence  of  melting  cm  rent  on  the  temper  a 
t  III  I’  qiadlPIlt  Mi  the  t  I  (I  of  non  consumable  electiode  undo  I  dilfetent 
roud  i  t  i  oiis . 

temperatme  measurements  in  the  electrode  tip  show  a  higher  thermal  strain 
if  the  elect  i  ode  t  i  p  with  the  iricieasinq  meltmq  current.  The  temperature 
nl  the  outer  surface  teaches  6  10  ''  when  raising  the  melting  current  up  to 
16  k\.  A  lutthei  improved  watet  cooling  <•>  the  interna)  wall  decreases  its 
i  empet  at  ill  e  on  I  v  by  10  to  ,  which  is  neat  tv  equal  to  the  i  eduction  of 

l’s  outside  I  ectpoi  at  ill  e .  thjhnci  wall  of  Ihe  tip  could  he  moie  effe-livn 
'I  i  •  :■  slihili'v  iml  :.e>  •  i  |  i  nma  l  ned  unchanged  . 


References 


I.  *f.  flrli  I  i  engei  ,  Melting  Systems  lot  Pi.xl  action  of  Titanium  Ingots 
and  Cast  niqr, ,  f  1 1  am  .mi  Science  and  lechnologv,  Proceed  i  ngi  of  the 
Sill  tut.  Coi>!  .  Oil  ’  I  t  all  Mini.  Vo  I  .  1  fpeuti.ehe  Ce;...  i  :  .,C|I.|  f  '  *  'll 
Met  a  I  I  koildc  e  .  .  ,  ,  'die  |  ,|  l  .... ;  .  riM'o,  ! i"'. 

k.  PEnl  j  ngei  ,  r  1 1  an.,' In  ot !  at:,  Kidu.toft  /urn  .hliiiiei/rn  von  Titan, 

Mi  l  a  1  i  ,  f  (|9MP.)  ,  |  /  /  IPO, 

i.  K.  Rii'1  iiiger,  K.  t,  Pi  pel  and  H.  ei  liner  ke.  Experience  qf_  Vacuum 

A  i  :■  '..-it  nig  with  Mon_Cori:.umable  and  fnnsumabi  e  Electrode,  Titanium 
Sc i cure  and  Technology ,  Proc.  of  the  6th  lilt.  Conf .  on  Titanium, 

Mil.  I  (Deutsche  riese  1  1  scha  f  t  fill  Met  a  1  I  kuride  e.\.,  llbei  m\.ei  ,  19M6;, 

116  I  ■  |  . 
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ABSTRACT 

Cold  haarth  malting  la  a  tachnigua  now  baing  u Bad  for 
production  of  titanium  alloya.  Thia  nathod  provldaa 
allmlnatlon  of  harmful  inclusions  that  occaaionally  occur 
with  convantional  malting  tachniquaa.  Savaral  production 
titanium  cold  haarth  turnacaa  ara  now  oparating. 

Including  a  plaama  cold  haarth  turnaca  at  Taladyna 
Allvac,  Dafact  aaadlng  axparimanta  hava  provan  thia 
turnaca 'a  capability  to  ramova  tha  two  typaa  of 
inclusions  found  In  titanium  alloya  .  Evaluation  of 
plaama  cold  haarth  plua  alngla  VAR  haa  damonatratad 
chamlcal  uniformity,  atructura,  and  machanlcal  propartlaa 
aguivalant  to  convantlonally  producad  matarlal.  Control 
of  aa-plaama  maltad  hydrogan  contant  haa  baan  achlavad 
with  catalytic  oxidation  of  hydrogan  In  tha  racyclad  gaa 
atraam.  An  Air  Pores  aponaorad  program  la  praaantly 
Invaatlgatlng  cold  haarth  alngla  malt  titanium  for 
pramlum  grada  applications. 


INTRODUCTION 

A  significant  problsm  of  titanium  alloys  ussd  in  critical  applications  ia 
tha  occasional  occurranca  of  high  density  and  hard  alpha  incluaiona. 
Catastrophic  jet  angina  failures  hava  baan  directly  attributed  to  tha  unde¬ 
tected  praaanca  of  such  defects  in  titanium  components.  Cold  hearth  melting 
ia  a  technique  designed  to  produce  the  highest  quality  titanium  alloya  free 
of  these  incluaiona.  A  process  consisting  of  cold  hearth  melting  plus 
single  vacuum  arc  remelting  (VAR)  is  quickly  gaining  acceptance  as  superior 
to  conventional  double  or  triple  VAR.  In  addition,  an  Air  Force  sponsored 
program  is  presently  evaluating  a  cold  hearth  single  melt  process  for  pre¬ 
mium  quality  titanium. 

Cold  haarth  furnaces  use  either  electron  beam  guns  or  plaama  torches  as  the 
heat  source.  At  least  four  producers  ara  now  cold  hearth  melting  titanium 
alloys  at  various  qualification  stages.  One  of  these  producers.  Teledyne 
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Allvac,  ia  operating  a  plasma  cold  hsarth  furnace  and  le  supplying  cold 
hearth  plus  single  VAR  for  premium  grade  applications.  Teledyne  Is  also 
participating  In  the  cold  hearth  single  melt  program. 

This  report  describes  plasma  cold  hearth  melting  in  general,  as  well  as 
specific  evaluations  and  experience  with  the  Teledyne  Allvac  furnace.  Both 
the  plasma  cold  hearth  plus  single  VAR  and  the  plasma  cold  hearth  single 
melt  processes  are  discussed. 


DEPICTS  AND  COLD  1BARTI  (ULTIMO 

Two  types  of  inclusions  occur  in  titanium  alloysi  high  density  inclusions 
(HDIs)  and  type  I  hard  alpha  defects.  HDIs  are  particles  of  significantly 
higher  density  than  titanium;  commonly  molybdenum,  tantalum,  tungsten,  and 
tungsten  carbide,  and  are  introduced  through  contamination  of  raw  materials 
used  for  ingot  production.  Hard  alpha  defects  are  titanium  particles  or 
regions  with  high  concentrations  of  ths  interstitial  alpha  stabilisers 
nitrogen,  oxygen,  or  carbon.  At  least  28  potential  sources  of  hard  alpha 
defects  in  conventional  malt  processing  have  been  identified.1  The  most 
troublesome  defects  are  high  in  nitrogen  and  result  from  titanium  burning 
in  air  during  raw  material  manufacture,  handling,  or  melting.  Due  to  the 
nature  of  conventional  malting  processes  and  limitations  in  inspection 
techniques,  both  high  density  inclusions  and  hard  alpha  defects  can  find 
their  way  into  finished  titanium  components. 

Cold  hearth  melting  offers  the  ability  to  eliminate  these  inclusions.  Raw 
materials  are  fed  into  one  end  of  a  water  cooled  copper  hearth  where  they 
are  melted  (Figure  1).  The  molten  metal  is  heated  further  as  it  flows 
across  the  hearth  and  is  deposited  in  an  ingot  mold  at  the  other  end. 

Plasma  torches  or  electron  beam  guns  may  be  used  as  the  heat  source.  A 
solid  titanium  skull  forma  between  the  liquid  pool  and  the  copper  hearth. 
Any  HD  I  fed  in  with  the  raw  materials  will  sink  to  the  bottom  of  the  pool 
and  become  trapped  in  the  skull.  If  a  type  I  alpha  defect  fad  in  is  denser 
than  the  liquid,  it  will  be  removed  in  a  similar  manner.  If  the  defect  is 
lass  dense,  it  will  be  carried  along  with  the  flow  and  must  be  dissolved 
before  reaching  the  ingot.  Pool  superheat,  pool  volume,  and  melt  rate  are 
critical,  therefore,  as  they  directly  affect  this  dissolution. 


HmI  Source 


Raw  Material 


CoM  Hearth 


Ingot 


Figure  1.  CoM  Heei*  MeNng  Scheme* 
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Multiple  high  powered  transferred  arc  plasma  torches  are  used  ae  the  heat 
source  In  several  presently  operating  cold  hearth  furnaces.  In  the  Tele- 
dyne  Allvac  furnace,  four  torches  rated  at  7S0  Ktf  each  are  used.  Helium, 
used  as  the  plasma  gae,  is  fed  through  each  torch  at  a  rate  of  2,800  SLM. 

A  nominally  3,000  amp  arc  is  transferred  from  a  water  cooled  copper  anode 
contained  within  each  torch  to  the  material  to  be  heated.  The  atmosphere 
used  in  the  furnace  is  pure  helium  at  a  pressure  of  830  torr.  Energy  dis¬ 
tribution  over  the  molten  pools  is  accomplished  by  automated  three  axis 
motion  of  the  plasma  torches.  The  plasma  gas  ia  continuously  recycled. 

Selective  losses  of  high  vapor  pressure  alloy  elements  such  ae  aluminum  are 
virtually  nonexistent  in  plasma  furnaces  of  this  type,  leading  to  excellent 
chemical  uniformity.  Raw  material  flexibility  is  also  good,  with  the  abil¬ 
ity  to  directly  melt  100  percent  titanium  sponge,  either  acid  leached  or 
vacuum  distilled,  as  well  as  any  percentage  of  a  wide  range  of  revert 
types.  Low  evaporation  losses,  efficient  feeding  methods,  and  skull  recyc¬ 
ling  give  high  raw  material  to  ingot  yields. 

Ingots  with  diameters  up  to  760  mm  and  weights  up  to  7,700  kg  are 
routinely  produced  in  commercial  plasma  cold  hearth  furnaces.  Vacuum 
locks  are  commonly  used  to  permit  multiple  ingots  to  be  cast  without  open¬ 
ing  the  furnace  chamber. 


PROCM88  CCmtOLS 

Typical  process  monitoring  and  control  is  applied  to  plasma  cold  hearth 
furnaces.  This  includes  sstablishing  setpoints  and/or  limits  for  all  sig¬ 
nificant  measurable  parameters,  and  continuously  monitoring  and  rscording 
these  parameters  for  quality  assurance.  The  typical  parameters  includs 
voltags,  amperage,  gas  flow,  and  movamant  pattsrn  for  sach  torch;  ingot 
withdrawal  position  and  rate;  and  furnace  atmosphere  oxygen,  hydrogen,  and 
water  content. 

Direct  measurement  of  the  critical  parameters  of  pool  temperature  and  vol¬ 
ume  is  very  desirable,  but  technically  difficult  to  achieve,  considerable 
research  in  pool  temperature  measurement  is  being  conducted  both  by  cold 
hearth  melters  and  titanium  end  users.  Spot  and  imaging  radiation  pyro- 
raetry  is  being  inveetigated  in  wavelength  ranges  from  approximately  0.8  to 
6.0  microns.  The  difficulties  in  applying  this  technique  are  siany,  and 
include  unknown  emiesivity  of  liquid  titanium  and  it  alloys,  attenuation  of 
the  radiation  from  dust  in  the  furnace  atmosphere  and  on  the  furnace  win¬ 
dows,  and  extraneous  radiation  from  the  plasma  plume.  Partial  or  complete 
solutions  to  these  problems  are  being  found  and  preliminary  results  at 
Teledyne  Allvac  have  shown  ths  capability  to  measurs  hearth  pool  tempera¬ 
ture  with  a  reproducibility  from  the  beginning  to  the  end  of  a  16  hour  heat 
of  1  IS  degrees(C). 

Hearth  pool  surface  dimensions  are  currently  being  measured  on  production 
furnaces.  True  pool  volume  would  also  require  that  pool  depth  be  measured. 
A  joint  Department  of  Inergy  and  industry  consortium  is  presently  being 
formed  to  inveetigate  non-contacting  laser  acoustic  molten  metal  depth 
sensing  technology.2 
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■non  nu  ixpuikott* 

Demonstration  of  tha  claimad  inclusion  elimination  capabllitiaa  of  produc¬ 
tion  cold  haarth  furnacaa  ia  important  to  gain  industry  Acceptance  of  tha 
procaaa  in  gansral  as  wall  aa  application  (pacific  approvals  of  each  fur- 
naca.  Tha  most  accurata  proof  of  thia  capability  ia  to  compare  tha 
frequency  of  inclusions  in  the  product  of  tne  furnaces  to  that  of  conven¬ 
tional  triple  VAR.  Tha  frequency  of  hard  alpha  incluaiona  detected  in 
triple  VAR  product  is  approximately  l.S  par  100  heats.1  Demonstrating  a 
statistically  significant  improvement  in  a  frequency  this  low  requires  the 
melting  of  a  large  number  of  heate.  It  is  impractical  for  a  roe  Iter  to 
develop  this  kind  of  a  database  on  a  furnace  before  being  able  to  supply 
product.  An  interim  step  ia  to  use  a  seeded  heat. 

In  a  seeded  heat,  a  large  number  of  known  inclusion  sources  are  mixed  with 
standard  raw  materials  and  malted.  The  resultant  ingot  is  then  processed 
to  bar  and  evaluated  to  determine  defect  survival.  A  reasonable  goal  for 
such  an  experiment  is  a  sero  survival  rate.  The  results  can  also  be  com¬ 
pared  to  similar  experiments  conducted  in  triple  VAR.  In  one  such  trial 
with  a  full  scale  Ti-17  (Ti-5Al-2Sn-2Zr-4Ko-4Cr)  heat,  melted  in  1983-1984, 
eight  percent  of  nominally  0.2S  inch  diameter  nitrided  sponge  eeeds  sur¬ 
vived  triple  VAR.1  It  ia  generally  agreed  that  VAR  provides  very  ineffec¬ 
tive  removal  mechanisms  for  high  density  inclusions. 

Several  seeded  heats  have  been  produced  in  tha  Teledyne  Allvac  plasma  cold 
hearth  furnace.  Table  I  gives  the  typical  seeds  and  seeding  densities  of 
the  raw  materials  used  in  these  heats.  The  heats  weighed  approximately 
4,000  pounds  each.  Tha  inclusion  sources  were  added  to  titanium  sponge  and 
alloy  elements  which  were  compacted  and  fed  as  in  standard  practice.  After 
cold  hearth  melting  (no  VAR),  the  ingots  were  hot  worked  to  bar  lees  than 
two  inches  in  diameter  with  at  least  97  percent  alpha-beta  work  (to  ensure 
cracking  of  any  hard  alpha  site) .  Ultrasonic  and  X-ray  inspections  of  the 
bar  were  performed  to  detect  surviving  inclusions.  The  results  of  these 
seeded  heats  demonstrated  sero  survival  of  the  inclusion  sourcee. 


Table  1.  Typical  Inclusion  Source  Seeding  of  Ixperiaental  Seats 


HARD  ALPHA  SOURCX 

HD  I  SOURCX 

RATS 

Bponoa 

WC  (-3/8"  to  +1/4*) 

.74  lb 

Nitrided  (15%  N,  1/4’) 

1/5  lbs 

WC  (-1/4’  to  +8  mesh) 

.50  lb 

Nitrided  (8%  N,  1/4’) 

1/5  lbs 

HC  (-8  to  +14  mesh) 

.30  lb 

Nitrided  (2%  N,  1/4’) 

1/5  lbs 

WC  (-14  to  +20  mesh) 

.20  lb 

Burned  (1/4*  -  1’) 

1/10  lbs 

WC  (-20  to  +40  mesh) 

.16  lb 

WC  (-40  to  +60  mesh) 

.10  lb 

Torch  Cut  Sheet 

1/250  lbs 

No  Wire  (.04*  by  1/4’) 

1/20  lbs 

Ho  Angular  (1/4*) 

1/100  lbs 

Ta  Angular  (1/4*) 

1/lbs 

W  Angular  (1/4*) 

1/100  lbs 

W  Wire  (.03'  by  1/4’) 

1/100  lbs 

nu 


PLASMA  COLO  HJUtTI  FLOS  CIMGLX  TAX  PRODUCT  SVALOATIOM 
Chtmlctl  Uniformity 

The  chemical  uniformity  of  the  plasma  cold  haarth  msltsd  product  is  of 
great  intsrsst  to  confirm  ths  lack  of  significant  salactivs  •  vapor  at  ion  of 
ths  alloy  slsmsnts  and  to  demonstrate  good  general  process  control.  Table 
II  contains  chemical  uniformity  information  for  four  typical  plasma  plus 
single  VAR  ingots.  These  ingots,  approximately  5,000  kg  each,  were 
processed  to  billet  and  checked  for  chemistry  at  three  to  five  locatione 
from  surface  to  center  at  three  to  five  equally  spaced  locations  along 
their  length.  The  average  given  in  the  table  is  that  of  the  nine  to 
twenty-five  samples;  the  variability  given  is  the  difference  between  the 
highest  and  lowest  values.  No  measurable  evaporation  loss  ie  observed, 
which  if  present  would  appear  most  strongly  in  lowered  and  variable 
aluminum  content.  Overall  chemical  uniformity  is  comparable  to  that  of 
conventionally  produced  ingots.  Nitrogen  and  copper  analysie  showed  no 
significant  air  or  haarth  contamination. 


TAILS  II.  PLASMA  +  SI  NOLI  VAX  CONICAL  UN  I  FORM  ITT 


2 

A1 

AVG  VAR 

V 

AVG 

VAR 

Pe 

AVG  VAR 

o 

AVG 

VAR 

AR89 

6.35 

0.33 

4.06 

0.22 

0.22 

0.06 

0.18 

0.04 

AW54 

6.42 

0.16 

4.00 

0.27 

0.17 

0.07 

0.18 

0.06 

AH55 

6.36 

0.21 

4.05 

0.22 

0.17 

0.07 

0.17 

0.04 

AH57 

6.37 

0.20 

4.06 

0.35 

0.16 

0.06 

0.17 

0.04 

Std.  Prod. 

6.34 

0.16 

4.04 

0.23 

0.19 

0.06 

0.17 

0.04 

Spec.  Aim 

6.30 

4.20 

0.15 

0.17 

AVO  -  Average  of  samples 

VAR  -  Variation,  difference  between  highest  and  lowest  of  samples 


Billet  and  Bar  Intpoction 

Over  150  heats  and  700,000  kg  of  6*i  and  760  mm  diameter  ingot  have  been 
produced  in  the  Teledyne  Allvac  furnace  to  date.  Billet  and  bar  macros¬ 
tructure,  microstructure,  and  mechanical  property  evaluations  of  this  mate¬ 
rial  have  shown  squivalent  results  to  matsrial  produced  by  conventional 
processing.  No  Inclusions  have  been  found  during  ultrasonic  inspection  of 
this  material. 

Bart  Forging  Evaluation 

The  Hyman  Gordon  Co.  recently  conducted  a  forging  evaluation  of  plasma  cold 
haarth  plus  single  VAR  material.5  A  commercial  engine  Ti-6A1-4V  fan  disk 

2,3 47 


configuration  was  choaan.  Tha  forging  waa  produced  from  Taladyna  XI 1  vac 
billat  uaing  tha  »ame  forging  parameters  ai  thoaa  pravioualy  uaad  for 
triple  VAR  billat.  Wyman  Gordon' a  evaluation  plan  duplicated  that  required 
to  qualify  the  part  for  new  production.  It  included  evaluatlone  of  chemie- 
try,  microstructure,  tensile,  fatigue  (Figure  2),  and  fracture  toughneae 
properties.  GEAR  reviewed  the  data  package  and  compared  it  to  typical 
T1-6A1-4V  material,  to  the  original  qualification,  and  to  the  50th  and 
200th  cut-up  evaluations  of  this  part.6  The  data  in  all  cases  except  one 
was  statistically  indistinguishable.  Tha  only  exception  waa  fracture 
toughness*  it  was  34  MPa  lower  than  average  and  is  traceable  to  a  near  max¬ 
imum  oxygen  content  of  this  particular  hast.  All  of  the  properties  includ¬ 
ing  fracture  toughness  met  specification  oinimums. 


Figure  2.  T1-6A1-4V  Low  Cycle  Fatigue  (Room  Temperature,  Smooth  Bar) 


PLASMA  COLD  BARTS  SIkOLB  MILT  DBVKLOPMRMT 

The  development  issues  associated  with  the  introduction  of  an  industry 
acceptable  plasma  cold  hearth  single  melt  (no  VAR)  can  be  grouped  into 
three  general  categoriesi  chemistry  control,  product  integrity,  and  product 
yield. 

Singlt  Holt  Chemistry  Control 

An  original  concern  of  "hearth  only"  processing  was  the  degree  of  chemical 
homogeneity  that  could  be  achieved  without  subsequent  VAR  melting.  Chemi¬ 
cal  variation  of  the  first  single  melt  Ti-17  heat  produced  at  Teledyne 
Allvac  waa  very  low,  demonstrating  the  capability  to  produce  an  acceptable 
chemical  profile  in  a  full  scale  heat.  The  heat  weighed  2,300  kg  and 
was  660  mm  in  diameter.  The  metallic  elements  ware  within  0.1%  of 
target  in  each  case  with  a  standard  deviation  generally  less  than  0.05%. 3 

Hydrogen  control  is  also  an  important  chemistry  issue.  Hydrogen  is  evolved 
in  practically  all  titanium  melting  operations.  This  comes  both  from 
hydrogen  in  the  raw  materials  and  from  reduction  of  residual  water  in  the 
melt  chamber  and  raw  materials.  In  vacuum  melting  operations,  the  hydrogen 
partial  pressure  of  the  melt  atmosphere  is  maintained  very  low  by  continu¬ 
ous  pumping,  and  ingot  levels  of  less  than  20  ppm  are  readily  obtained.  In 


plasma  malting  with  a  recycled  plaama  gas,  tha  avolvad  hydrogan  quickly 
builds  up  in  tha  atmoaphsra  and  raachaa  aquilibrium  with  tha  moltan  matal, 
at  which  point  no  mora  hydrogan  ia  ramovad.  To  addraas  thia  problem,  Tele- 
dyna  Allvac  installed  a  catalytic  reactor  for  removal  of  hydrogan  from  the 
racyclad  gas  stream.  Oxygen  ia  mixed  with  tha  hydrogan  bearing  gas  exiting 
tha  malt  chamber  and  tha  mixture  ia  pasaad  over  a  catalyst  bad  where  oxida¬ 
tion  takes  place.  The  raaultant  water  vapor  ia  removed  in  a  molecular 
sieve  dryar.  A  hydrogan  excess  ia  maintained  in  tha  reaction  to  prevent  an 
oxygen  breakthrough.  Figure  3  shows  the  relationship  obtained  between  the 
hydrogan  content  exiting  tha  furnace  and  that  of  tha  resultant  ingot. 

These  results  correlate  closely  with  reported  equilibrium  data.4  The  first 
Ti-17  aingle  melt  heat  had  a  hydrogen  content  of  approximately  225  ppm  at 
billet,  without  the  use  of  the  hydrogen  removal  system.  The  second  such 
hast  had  an  average  of  80  ppm  at  billet  with  first  generation  operation  of 
the  system.  Later  heats  have  shown  levels  of  leas  than  30  ppm  to  be 
achievable  with  appropriate  controls. 
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Figure  3.  Plasma  Cold  Hearth  Hydrogen  Control 


Single  Mtlt  Product  Integrity 

Billet  integrity  may  be  adversely  affected  by  the  presence  of  inclusions  or 
by  the  presence  of  clean  voids  which  may  or  may  not  be  gae  filled.  The 
effective  elimination  of  inclusions  in  the  Teledyne  Allvac  furnace  has  been 
demonstrated  as  discussed  earlier.  By  elimination  of  the  final  VAR  pro¬ 
cess,  the  potential  introduction  of  inclusions  during  that  process  is  eli¬ 
minated.  The  occurrence  of  clean  voids,  although  not  widely  observed,  is 
still  a  concern.  Since  the  plasma  process  takes  place  under  one  atmosphere 
of  inert  gas,  it  seems  conceivable  that  a  mechanically  entrapped  gas  bubble 
could  be  formed  at  a  solid/liquid/gas  interface,  such  as  can  occur  near  the 
ingot  edge.  Since  the  solubility  of  helium  in  titanium  is  negligible,  this 
is  the  only  reasonable  mechanism  that  has  been  proposed  for  forming  such  a 
gas  filled  void.  Evacuated  voids  caused  by  solidification  shrinkage  are 
also  possible  and  are  probably  more  likely  to  occur  than  gas  filled  ones. 
Evacuated  voids  are  generally  not  considered  to  be  a  problem  as  they  tend 

2.3M 


to  heal  during  hot  working 


A  frequency  of  occurranca  of  claan  voids  In  plasma  cold  haarth  alngla  melt 
matarlal  haa  not  baan  measured  bacauaa  of  tha  null  aaount  of  natarlal  pro- 
ducod  to  data.  Purthar  Investigation  will  ba  required  Into  thla  laaua  and 
adequate  process  controls  will  be  aatabllahad  to  avoid  tha 
potential  problem. 


Single  Salt  Produce  field 

Yield  In  tha  single  malt  process  la  Impacted  by  several  factors.  Tha  sur¬ 
face  condition  of  tha  Ingots  produced  to  data  Is  not  as  good  as  that  pro¬ 
duced  by  VAR  malting;  however,  much  davalopaMnt  remains  to  be  done  In  thla 
area.  Improvements  In  both  Ingot  structure  and  solidification  pipe  else 
have  been  observed  In  the  alngla  melt  Ingots  and  these  should  lead  to  sig¬ 
nificant  yield  Improvements. 


Plasma  cold  hearth  melting  haa  the  ability  to  produce  high  quality  titanium 
alloys  free  of  high  density  and  type  I  hard  alpha  Inclusions.  In  early 
1990,  Teledyne  Allvac  began  operating  a  production  scale  furnace  of  this 
type.  Initial  melting  haa  shown  the  furnace  to  be  reliable  and  capable  of 
melting  a  wide  variety  of  raw  materials.  Evaluation  of  billet  and  bar 
product  haa  shown  good  chemical  uniformity,  mechanical  properties,  micro- 
structure  and  macrostructura  and  freedom  from  defects,  seeded  haate  have 
proven  the  furnace's  ability  to  eliminate  high  density  and  type  I  hard 
alpha  Inclusions,  a  significant  Improvement  over  the  best  of  the  conven¬ 
tional  processes,  triple  VAR.  Thla  furnace  Is  now  qualified  to  supply  cold 
hearth  plus  single  VAR  for  critical  aerospace  applications.  Issues  for 
Introduction  of  plasma  cold  hearth  single  melt  are  currently  being 
resolved. 
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ELECTROREFINING  TITANIUM  -  THE  PROCESS  CAPABILITY 


H  W  Rosenberg  and  J  E  Green 
The  ALTA  Group 
Fombell,  Pa  16123 


Abstract 


Electrorefined  titanium  emerged  as  an  item  of  commerce  during 
the  late  1980s.  Pioneered  by  the  U.  S.  Bureau  of  Mines  station 
in  Boulder  City  Nev.  in  the  1950s  and  1960s,  the  titanium 
electrorefining  process  essentially  remained  a  laboratory  scale 
practice  until  1985  when  the  Al,TA  Group  was  founded  for  the 
sole  purpose  of  producing  ultra-high  purity  titanium  for 
electronic  applications.  Now,  seven  years  and  five  design 
iterations  later,  the  process  capability  is  heading  toward 
99.999%,  5N,  purity  in  total  metallics  and  4N  purity  in  total 
gases.  The  current  process  capability  is  examined. 


Introduction 

A  process  for  electrorefining  titanium  was  pioneered  in  the  1950’s  and  1960's  at  the 
U  S  Bureau  of  Mines  station  in  Boulder  Gty  Nevada.  Electrolytic  titanium  was 
produced  on  the  research  scale  until  1985  when  The  ALTA  Group  formed  with  the 
express  purpose  of  producing  high  purity  electrorefined  titanium  on  a  commercial  scale. 
The  first  ALTA  cell  design  was  derived  from  first  principles  and  immediately 
established  new  standards  for  metal  purity  and  productivity. 

Each  cell  design  was  a  learning  experience.  The  fifth  design  generation  brought  the 
original  design  concept  to  new  highs  in  efficiency  and  quality.  Along  with  that 
progress,  the  market  has  demanded  higher  and  higher  purities.  ALTA's  1985  product 
was  typically  better  than  99.995%  pure  on  a  metallic  basis.  The  first  electron  beam 
melts  using  electrorefined  crystal  were  completed  in  early  1986.  Beginning  in  1988, 
the  second  through  fifth  design  iterations  occurred  in  successive  years.  Product 
produced  in  1988  was  typically  99.997%  pure  in  metallics.  The  original  cells  were 
abandoned  in  1990.  In  1990  ALTA  also  added  electron  beam  melting  capability  in- 
house.  It  became  possible  for  the  first  time  to  institute  an  effective  statistical  process 
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control  program.  What  follows  is  an  over  view  of  the  titanium  ingot  purity  situation  as 
it  existed  in  1990-  1991.  Process  capability  will  be  the  common  theme. 

Process  capability  is  the  inherent  reproducibility  of  a  process  in  terms  of  some 
measurement  or  attribute.  Process  capability  is  commonly  used  to  define  a 
manufacturing  processes  in  terms  of  their  statistics.  A  process  is  said  to  be  in  control 
when  its  residual  variance  arises  through  random  chance  alone.  No  assignable  causes 
that  produce  process  variation  are  acting  when  a  process  is  in  control.  Under  these 
conditions  it  is  possible  to  calculate  meaningful  process  capability  indices  which  may  or 
may  not  be  related  to  commercial  specifications.  Various  indices  have  been  developed 
that  relate  process  capability  for  a  process  in  control  to  commercial  specifications  for  the 
product  manufactured.  Meeting  a  specification,  however,  is  not  the  same  thing  as 
being  in  control.  Few  processes  are  always  in  control. 

Residual  process  variation  is  often,  but  not  always,  normally  distributed  with  Gaussian 
statistics.  When  the  residual  variation  is  non-normal,  the  standard  errors  from  repeated 
sample  lots  will  themselves,  in  the  limit,  tend  to  be  normally  distributed  and  be  useful 
for  Gaussian  based  statistical  analyses.  In  many  cases  it  is  possible  to  find 
transformations  that  produce  approximately  normal  distributions  in  small  populations. 
Valid  statistical  treatments  are  possible. 

Relating  a  specification  to  a  process  usually  begins  in  terms  of  the  mean  and  standard 
deviation  of  the  process  when  it  is  in  control.  One  common  standard  in  the  electronic 
industry  requires  that  99.7%  of  a  measured  product  fall  within  specification  limits. 

This  is  the  familiar  plus/minus  three  standard  deviations  from  the  mean  standard.  Two 
standard  deviations  may  be  used  in  less  demanding  situations.  In  the  electronics 
industry,  however.  Motorola  and  others  have  taken  the  lead  in  driving  toward  quality 
standards  where  six  standard  deviations,  or  six  sigma,  is  the  goal.  For  a  perspective, 
see  how  many  handbooks  of  mathematics  and  statistics  you  can  find  that  give  values 
that  far  from  the  mean?  At  last  report,  Motorola  had  not  achieved  all  of  their  goals  but 
by  shooting  high  they  had  achieved  impressive  gains  with  large  and  dramatic  cost 
savings. 

On  another  plane,  in  the  electronic  industry,  semiconductor  devices  routinely  require 
silicon  and  other  materials  having  total  impurities  less  one  part  per  million  or  even  less 
than  one  part  per  billion  in  the  case  of  alpha  emitters.  And  such  purities  have  been 
available  for  quite  some  time  in  a  number  of  materials.  When  counting  atoms,  five 
sigma  is  equivalent  to  about  one-third  impurity  atom  per  million  and  six  sigma  is 
equivalent  to  about  one  impurity  atom  per  billion. 

Five  sigma  is  not  yet  here  for  titanium,  at  least  on  a  routine  commercial  basis.  Only 
since  1985  has  4.5  sigma  titanium  (about  30  ppm  total  metallic  impurities)  been  a 
commercial  guarantee.  Titanium  with  less  than  10  ppm  total  metallic  impurities,  about 
4.75  sigma,  is  now  available  commercially  in  limited  quantities.  That  progress  came 
through  improved  understanding  of  ,'he  underlying  factors  that  include,  physics  (e.g. 
instrumentation  and  its  use),  chemistiy  (e.g.  electromotive  series  for  electrolysis)  and 
human  factors  (e.g.  developing  and  foi  lowing  effective  standard  operating  and 
statistical  process  control  procedures).  With  understanding,  comes  control.  Improved 
process  capability  is  the  natural  result. 

This  doesn't  happen  overnight.  An  appropriate  string  of  metaphors  might  be,  birth 
(seminal  concepts  and  lab  scale  experience),  growth  (initial  manufacturing  scale 
experience)  and  maturity  (implementation  of  SPC  with  well  defined  process 


capabilities).  Ultra-high  purity  titanium  appears  to  be  in  late  adolescence  in  such  a 
sequence. 

Fused  salt  electrolysis  followed  by  electron  beam  melting  is  used  to  produce  titanium 
ingot  typically  having  about  10-15  ppm  total  metallic  impurities  with  total  gases  of 
about  300  ppm  or  less.  Issues  encountered  at  The  ALTA  Group  in  defining  overall 
process  capability  for  ultra-high  purity  titanium  are  the  subject  of  this  paper. 


Results  and  Discussion 


Ingot  Oxvyen 

Oxygen  is  the  principal  overall  impurity  in  electrorefined  titanium.  Once  a  production 
run  of  electrorefined  titanium  crystal  is  harvested  there  is  little  more  that  can  be  done  to 
reduce  its  oxygen  content.  The  melting  process  most  suited  for  preserving  crystal 
purity  is  an  electron  beam.  It  is  commonly  used  for  just  that  reason.  Since  the  vapor 
pressure  of  titanium  monoxide  is  about  the  same  as  that  for  the  metal  (1-3),  cry  still 
oxygen  going  into  electron  beam  melting  should  correlate  closely  with  ingot  oxygen 
out.  It  is  this  feature  that  forms  one  basis  for  Statistical  Process  Control,  SPC,  of  ultra- 
high  purity  ingot  oxygen. 

Ingot  characterizations  began  as  soon  as  electron  beam  melting  began  in-house. 
Twenty-nine  heats  were  involved  in  this  initial  phase  and  two  significant  issues  were 
encountered:  1)  characterization  problems  related  to  crystal  lot  oxygen  variability 
patterns  and  2)  control  of  contamination.  These  same  issues  attend  sponge  production 
but  with  different  levels  of  criteria  of  course.  With  those  issues  coming  under  better 
control,  it  became  possible  to  address  process  capability  in  terms  of  ingot  oxygen.  The 
next  42  production  ingots  were  melted  under  SPC  procedures  designed  to  better  predict 
final  ingot  oxygen.  These  were  then  compared  with  the  original  29  heats. 

The  comparison  involved  least  squares  fits  between  the  apparent  oxygen  averages  for 
crystal  being  melted  and  the  resulting  average  ingot  oxygen  levels.  Results,  assuming 
residual  intrinsic  variation  can  be  represented  by  a  normal  distribution,  are  given  in 
Table  1. 

Ideally,  and  r2  should  equal  1 .00  while  the  intercept  and  standard  enor  of  estimate 
should  equal  zero.  The  slope  would  ideally  equal  unity  if  electron  beam  melting  neither 
subtracts  nor  adds  oxygen  under  all  conditions.  Those  perfect  worlds  do  not  exist. 
Nevertheless  the  initial  results  after  SPC  was  implemented  went  a  long  way.  Whereas 
before  SPC  the 


Table  1  Effect  of  SPC  on  Ability  to  Predict  Ingot  Oxygen  in  Electronic  Grade  Ti 


Series 

N 

Slope 

Intercept 

Std  Error  of  Est 

r2 

Before  SPC 

29 

0.15 

248 

.29 

0.009 

After  SPC 

42 

1.24 

87 

.08 

0.850 

"random  variance"  was  100%,  it  dropped  to  16%  (100  x  (1  -  r2))  afterwards.  Before 
SPC  the  average  ingot  formulation  estimate  was  low  by  153  ppm  oxygen.  After  SPC 
that  difference  dropped  to  82  ppm.  So  SPC  had  an  immediate  positive  effect  on 
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process  control.  It  became  possible  for  the  first  time  to  produce  commercial  ingots  to 
order  at  less  than  200  ppm  oxygen. 

The  residual  15%  and  82  ppm  are  now  fair  targets  to  go  after.  A  clue  as  to  direction 
resides  in  the  raw  data:  the  higher  the  aim  the  greater  the  miss  due  to  random 
(uncontrolled)  causes.  Moreover  since  the  low  end  of  the  distribution  describing 
impurities  must  be  zero,  the  data  crowding  zero  bunch  up  naturally  with  results  skewed 
to  the  high  side.  One  might  suppose  that  such  behavior  arises  from  the  fact  that 
impurities  can  only  enter  the  process,  not  leave  it  Such  a  distribution  can  only  have 
only  one  tail  -  to  the  high  side.  In  such  cases,  ingot  oxygen  data  may  be  better  treated 
as  belonging  to  a  log  normal  distribution  (4)  rather  than  to  a  normal  one  as  was 
assumed  for  Table  1 .  It  turns  out  that  most  metallic  impurities  in  ingot  also  exhibit  a 
log  normal  distribution  when  there  is  no  known  assignable  cause  acting. 

Inynt  Metallirs 

Process  capabilities  fur  impurities  can  be  rendered  in  various  ways.  After  logarithmic 
transformations  most  impurity  distributions  approximated  normality.  Process 
capability  was  detemvied  on  this  basis.  In  the  electronics  industry  it  is  common  to  use 
±  3  sigma  about  the  mean  in  describing  process  capability.  That  was  done  here. 

The  results  are  summarized  in  Table  2  which  constitutes  a  survey  of  process  capability 
under  the  present  state  of  the  an.  Three  components  are  involved  in  that  capability,  1) 
the  science  of  winning  high  purity  titanium  from  its  ores,  2)  the  process  engineering 
required  to  do  so  and  finally  3)  the  human  factors  embodied  in  operating  the  process 
and  creating  an  effective  SPC  strategy  that  the  process  operators  themselves  can  employ 
to  good  effect.  The  latter  is  by  no  means  easy.  Considerable  sophistication  is  involved 
and  that  does  not  come  over  night.  Table  2  provides  some  necessary  groundwork. 

Data  from  31  ingots  were  used  to  calculate  the  process  statistics  after  transforming  the 
raw  data  to  their  logarithms,  calculating  the  statistics  and  taking  exponents  back  to  ppm. 
Only  the  more  common  impurities  were  included  in  the  table  because  frequent  detection 
limits  in  the  data  distort  interpretations.  Certain  elements  rise  significantly  above  the 
background,  notably  Fe  and  Al.  These  metals  are  among  the  most  common  mineral 
forming  elements  in  the  earth's  crust.  They  are  everywhere  in  the  ambient  as  dust. 

They  are  also  common  materials  of  construction.  It  turned  out  that  Al  and  Fe  each 
entered  the  process  stream  at  various  points.  For  a  perspective,  in  a  454  kg  ingot,  one 
gram  of  impurity  represents  about  two  ppm.  Table  2  represents  process  capabilities  for 
a  number  of  elements  while  saying  nothing  directly  about  the  total  metallics.  As  may  be 
seen,  the  process  capability  is  skewed  with  a  long  tail  to  the  high  side,  possibly  for  the 
reasons  discussed  above. 

In  terms  of  total  metallics,  Table  3  presents  the  process  statistics  after  transformation 
into  and  out  of  logarithms.  The  same  data  base  and  methodology  was  used  as  for  Table 
2.  Table  3  is  a  fair  representation  of  the  present  state  of  the  art.  As  may  be  observed, 
about  half  of  all  ingots  melted  meet  a  total  metallic  purity  of  99.9986%.  The 
distribution  for  total  metallics  is  skewed  but  the  number  of  ingots  lying  in  each  interval 
fit  a  log  normal  distribution.  Use  of  a  log  normal  distribution  appears  to  be  justified. 


Table  2 


Process  Capability  by  Element  for  Ultra-high  Purity  Titanium  Produced 
by  Electrolysis  Followed  by  Electron  Beam  Melting. 


Element 

Mean  -  3  SD  ppm 

Mean  ppm 

Mean  +3  SD  pj 

A1 

0.33 

1.3 

4.7 

Na 

0.005 

0.02 

0.09 

Si 

0.16 

0.52 

1.8 

K 

0.01 

0.02 

0.03 

V 

0.12 

0.4 

1.4 

Cr 

0.08 

0.4 

1.7 

Mn 

0.003 

0.02 

0.7 

Fe 

1.5 

5.57 

20.0 

Co 

0.0003 

0.005 

0.1 

Ni 

0.004 

0.04 

0.16 

Cu 

0.19 

0.71 

2.8 

As 

0.004 

0.03 

0.18 

Zr 

0.5 

0.87 

1.4 

Nb 

0.2 

0.5 

1.1 

Mo 

0.06 

0.14 

0.32 

Rh 

0.002 

0.09 

0.01 

Sn 

0.06 

0.4 

2.5 

Sb 

0.009 

0.08 

0.74 

Hf 

0.008 

0.02 

0.046 

Th 

0.0001 

0.0003 

0.0007 

U 

0.0002 

0.0003 

0.0006 

H 

1.2 

3.2 

8 

C 

9 

20 

44 

N 

3.5 

10 

33 

O 

94 

222 

418 

Table  3  Process  capability  in  terms  of  total  metallics  (56  elements)  as  calculated 
from  a  log  normal  distribution. 


ppm 

%  Purity 

Mean  +  3  SD 

32.9 

99.9967 

Mean  +  2  SD 

24.7 

99.9975 

Mean  +  1  SD 

18.6 

99.9981 

Mean 

14.0 

99.9986 

Mean  -  1  SD 

10.6 

99.9989 

Mean  -  2  SD 

7.9 

99.9992 

Mean  -  3  SD 

6.0 

99.9994 

Five  Sigma 

0.3 

The  capability  shown  in  Table  3  represents  a  three  fold  improvement  over  four  years 
ago.  Some  of  this  improvement  came  about  from  procedural  and  equipment 
improvements  but  most  of  it  came  from  operator  training,  improved  standard  operating 
procedures  and  the  implementation  of  SPC  on  the  shop  floor.  ALTA's  new  goal  is 
another  three  fold  improvement. 


Epilog 


The  trend  toward  higher  overall  purity  titanium  for  electronic  applications  is  expected  to 
continue  at  least  into  the  next  century.  Further  improvements  are  in  progress  and  new 
ways  of  doing  certain  things  may  well  be  needed  to  meet  the  ever  more  stringent 
electronic  materials  specifications. 

The  process  capability  shown  in  Table  3  indicates  that  there  is  still  a  long  way  to  go.  It 
remains  to  bring  total  gas  and  metallic  impurities  to  low  values  simultaneously. 


Conclusions 

Application  of  SPC  technique  is  useful  in  ultra-high  purity  titanium  manufacture. 

Residual  random  errors  attending  impurity  analyses  in  ingot  are  normalized  by  a 
logarithmic  transformation. 

About  half  of  today's  production  of  ultra-high  purity  titanium  contains  less  than  about 
14  ppm  total  metallic  impurities. 
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Abstract 

A  technology  for  eleotroslag  remelting  of  titanium  is  deve¬ 
loped  which  permits  using  the  aotive  fluxes  including  metal- 
slag  ones,  e.g.  metallic  oalcium  -  calcium  fluoride  systems. 
A  thermodynamic  analysis  of  the  interaction  of  titanium  ad¬ 
mixtures  with  these  slag  systems  is  performed.  An  attempt 
is  made  to  evaluate  behaviour  of  oxygen  under  eleotroslag 
remelting  of  titanium  using  metallic  caloium  -  calcium  fluo¬ 
ride  flux.  A  procedure  is  suggested  for  oaloulation  of  the 
oxygen  distribution  by  the  height  of  the  melted  ESR  ingot. 
Technological  methods  for  electroslag  remelting  of  titanium 
are  developed.  A  conclusion  is  made  that  the  produced  tita¬ 
nium  in  many  cases  may  be  successfully  used  instead  of  iodi¬ 
de  titanium. 
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Development  of  engineering  and  extension  of  the  spheres 
of  scientific  research  depend  more  and  more  on  the  use  of  pu¬ 
re  metals  and  alloys.  The  existing  industrial  methods  for  the¬ 
ir  production  are  based  on  vacuum  remelting  processes  (vacuum 
arc  and  electron-beam  remelting)  whioh  in  a  number  of  cases 
do  not  provide  a  necessary  purity  of  metals.  At  the  same  time 
such  high-effective  methods  as  iodide  refining,  distillation 
and  others  are  characterized  by  low  productivity  and  high 
cost 

Electroslag  remelting  (ESR)  in  the  atmosphere  of  inert 
gas  under  highly  deoxidized  fluxes  is  an  alternative  to  va¬ 
cuum  remelting.  Study  of  ESR  under  active  fluxes  Including 
calcium-  containing  ones  has  shown  wide  potentialities  of  this 
technological  variant  for  production  of  top-quality  ingots  of 
reactive  metals. 

Metal-slag  fluxes,  particularly  Ca-CaFg  systems,  provide 
effective  refining  of  the  remelted  metals  from  impurities 
that  possess  a  considerable  thermodynamic  affinity  to  the  app¬ 
lied  alkali-earth  metals  (oxygen,  nitrogen,  phosphorus,  sul¬ 
phur).  Besides,  intensive  evaporation  of  metallic  calcium 
from  slag  in  the  course  of  melting  permits  achieving  rather 
low  partial  pressures  of  harmful  gases  (oxygen,  nitrogen,  hy¬ 
drogen)  in  the  melting  cavity.  For  example,  equilibrium  par- 

tial  oxygen  pressure  at  the  temperature  of  remelting  is  10 
-25 

-  10  'atm.  The  latter  circumstance  allows  a  contamination- 
free  remelting  of  titanium  possessing  high  thermodynamic  affi¬ 
nity  to  the  above  gases. 

An  attempt  is  made  to  evaluate  behaviour  of  oxygen  during 
ESR  of  titanium  under  flux  of  the  metallic  oaloium  -  calcium 
fluoride  system. 

Dissolution  of  gaseous  oxygen  in  titanium  is  described  by 
the  equations: 


Vi  { o ,}  --  [OJT y 

(I) 

=  fa  COJ/P0'/£ 

(2) 

&G--RT  inKp 

(3) 

where  fa  -  coefficient  of  the  oxygen  activity;  CO J  -  frac¬ 
tion  of  total  mass  of  oxygen  in  titanium,  %;  _  partial 
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pressure  of  oxygen  in  the  gas  phase,  MPa;  &  G  -  variation  of 
the  partial  mole  free  energy  of  oxygen  in  titanium,  kcal/mol. 

Results  of  the  experimental  determination  of  A  G  in 
titanium-oxygen  alloys  presented  in  the  work  have  shown  a 
dependence  of  nG  on  the  oxygen  content  in  titanium.  It  is 
oonnected  with  the  fact  that  oxygen  solution  in  titanium  even 
in  small  concentration  deviates  considerably  from  the  Henry 
law. 

Since  there  is  no  reliable  information  on  the  values  of 
the  coefficient  of  oxygen  aotivity  in  titanium  let  us  intro¬ 
duce  the  notion  of  the  effective  constant  of  the  reaction  (I): 


1/<s 

k'p  -  «p//o  z [0] / Pti 

(4) 

then  ( 

46'--  kp 

(5) 

k  dependence  presented  in  Fig. I  is  obtained  on  the  basis 
of  the  experimental  data  from  work  ,  Hyperbola  approxima¬ 

tion  of  table  values  at  2073  K  is  introduced  for  determinati¬ 
on  of  the  analytical  dependence: 

aC'r-  30960,921  -m%ZSB/[03 

(6) 

Interaction  of  oxygen  in  titanium  with  calcium  dissolved 
in  calcium  fluoride  is  presented  as  a  reaction: 

{Co}  +C0Jnz  ( CaO) 

(7) 

which  may  be  obtained  by  the  combination  of  two  following  re¬ 
actions: 

{Ca}*%{0}  -(M) 

(8) 

jOzl  -[Oh, 

(9) 

Then 

A  Cr  -  d  Gi  -  a  Gg 

(10) 

2,3;? 
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re  I.  Dependence  of  partial  mole  Gibbs  energy  (  G1, 

koal/mol)  of  the  reaotion  of  oxygen  dissolution  in 
titanium  on  the  oxygen  oonoentration  in  titanium 
at  the  temperature,  K  :  I  -  I973»  2  -  2073,  3  - 
2273. 


With  regard  for  the  dependence  (6)  and  the  value 
93050  oal/mol  £% /  for  T  -  2073  derive: 

4  0\--Z0l9fi?i  *  Hl9,25l/C07  (II) 


Ky  =  exp  ( O.S*7<7 -  OM<ro$r/C01 


(12) 


For  the  reaotion  (7)  write  as 

*l'-a4c*o)/(%C01)  <I3) 

Sinoe  the  oontent  of  oaloium  oxide  in  the  slag  is  inoon- 

yw 


siderable  then  the  expression  (13)  may  be  simplified: 


=  XfCaOj/fFiaCO])  U4) 

where  X(c^qj  -  fraction  of  total  mass  of  CaO  in  alag; 

-  pressure  of  calcium  vapour,  MPa. 

Proceeding  from  the  expressions  (12)  and  (14)  write  as 

exp(o,5tnt?-  os*os7/{01  J  =  X(aa)/(ft^[oj  )  (I5) 

P?  <I6) 

where  <*£*  -  calcium  activity  in  the  melt  Ca-CaFgf 

p£*=  S3, 6S/~  *2126,  rS/T  +O,0O2T  iS  €fT  -  vapour 

pressure  over  pure  oalcium,  MPa. 

Calcium  activity  in  the  slag  ia  determined  by  the  proce¬ 
dure  presented  in  the  work  [*}]  • 

A  portion  (drop)  of  titanium  of  the  weight  rnHe  (kg) 
containing  0initial  of  oxygen,  and  slag  of  the  weight  ms 

(kg)  containing  (Ca)  initial  »^Ca0^initial,Ca?2  "  the  baB®‘*  in" 
teract  under  eleotroslag  remelting.  Transition  of  a  definite 
quantity  of  oxygen  (  4  COl  %)  from  the  metal  drop  in¬ 
to  slag  is  described  as  follows: 

COJ  ~C03a»ihat  -A  trt  (17) 

(Cti)z( Cnjfaftiat  -  a  COJ ( m«e/n%  )  ( /to,  />*  )  (18) 

(C*0)z(G,Q)l„,t/of  +4COlO”Me/mi)(/4'*'//4*  (19) 

where  ,  J/Cm0  ,  ylf9  -  molecular  mass  of  calcium,  caloi- 

um  oxide  and  oxygen,  respectively. 

Solving  the  equation  (15)  by  the  iteration  method  with 
regard  for  the  expressions  (X7)-(I9)  find  equilibrium  values 
[0Jf  ,  (CaOJpt  (CaOjp ,  a  portion  of  metal  with  oxygen  oonoentra- 
tlon  C 01  p  solidifies  and  does  not  participate  in  the  reac¬ 

tions  any  more.  A  new  portion  of  metal  with  COJ  iaitial  is 
introduced  into  the  slag  of  composition  (Ca)  ,  (CaO)p  and 
new  equilibrium  concentrations  are  considered.  So,  it  is  pos¬ 
sible  to  determine  the  oxygen  content  in  the  ingot  depending 
on  the  weight  of  the  remelted  metal.  Calculations  were  perfor- 
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med  on  microcomputer  by  a  special  program  which  realizes  the 
described  algorithm* 

Remalting  of  titanium  with  oxygen  content  0.01;  0.05s 
0.2%  is  considered.  The  flux  conaiata  of  a  pure  caloium  fluo¬ 
ride;  the  content  of  calcium  oxide  in  it  is  assumed  as  0.1% 
which  corresponds  to  the  content  of  this  admixture  in  the  mo¬ 
st  pure  flux.  The  content  of  calcium  in  the  flux  varies  from 
2.0  to  0.000001%  (small  values  approaching  zero).  The  results 
of  the  calculations  are  presented  in  Fig.  2. 

Proceeding  from  the  above  calculations  it  is  possible  to 
conclude  as  follows:  under  electroslag  remelting  it  is  not 
possible  to  obtain  the  oxygen  content  in  titanium  lower  than 
in  the  consumable  electrode.  In  the  case  when  the  initial  co¬ 
ntent  of  oxygen  in  the  consumable  electrodes  is  small  (Pig. 2 
a,b)  the  content  of  oxygen  in  the  metal  at  the  beginning  of 
heat  sharply  increases,  especially  when  using  flux  without 
matallio  oalcium,  then  the  oxygen  content  in  the  ingot  falls 
to  the  values  in  the  consumable  electrodes.  Apparently,  it  is 
attributed  to  reduction  of  the  calcium  oxide  by  titanium  at 
the  initial  period  and  dissolution  of  oxygen  in  titanium.  If 
the  flux  contains  metallic  caloium  such  processes  proceed 
less  intensive  and  restoration  of  the  initial  oxygen  content 
is  not  so  fast  since  in  this  case  the  reduction  reaction  of 
calcium  oxide  is  retarded. 

When  the  oxygen  content  in  the  consumable  electrode  is 
increased  (Pig.  2  a)  then  in  absence  of  metallic  calcium  in 
the  flux  the  content  of  oxygen  in  the  ingot  remains  initial. 

If  at  the  initial  period  of  heat  the  metallic  calcium  is 
introduced  into  the  flux  then  the  oxygen  content  becomes  lower 
and  becomes  equal  to  the  content  of  oxygen  in  the  consumable 
electrode.  Apparently,  it  is  connected  with  the  following  fact 
-  when  the  heat  starts  calcium  interacts  with  titanium  oxygen 
and  the  more  is  the  flux  saturated  with  the  product  of  the  re¬ 
action  (calcium  oxide)  the  more  it  hampers  the  reaction. 

Electroslag  remelting  of  titanium  has  been  performed  in 
the  mould  of  60-120  mm  in  dia. ,  ingots  of  100-250  mm  in  height 
have  been  produced.  Electrodes  have  been  melted  from  iodide 
titanium  or  produced  by  compaction  of  the  titanium  sponge 
(  TT  -  90  and  TT- 120  grades). 

Oxygen  content  in  the  consumable  electrodes  has  amounted 
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to  (%)  0.02  in  iodide  titanium,  0.04  -  in  titanium  aponge 
Tr  -90  and  0.06  -  in  titanium  aponge  7T  -120. 

The  oxygen  content  in  the  ESR  metal  in  ita  atable  level 
(atart  zone  being  exoluded)  remains  equal  to  ita  content  in 
the  initial  metal.  The  content  of  harmful  impurities  by  the 
height  of  the  ESR  ingot  of  60  mm  in  dia.  and  190  mm  in  height 
remelted  from  titanium  sponge  Tf  -120  is  presented  in  the 
table: 


Sites  of  sampling 

Fraotion  of  total  mass 

ma 

H 

c 

i 

0 

Top 

0.003 

0.01 

0.005 

0.06 

Middle 

0.004 

0.005 

0.06 

Bottom 

0.005 

0.01 

0.008 

0.08 
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ABSTRACT 


R.  Winand  invented  a  new  process  to  prepare  titanium  ingot  in  one  step  from  sodium  and 
titanium  tetrachloride.  Making  use  of  the  two  reagents  in  the  gaseous  phase  and  recovering 
titanium  as  a  liquid  on  top  of  a  continuous  casting  mould,  sodium  chloride  is  also  gaseous,  so 
that  titanium  is  the  only  condensed  material.  This  process  has  the  following  features  :  it  is 
continuous;  the  number  of  intermediate  stages  are  dramatically  decreased  compared  to  the 
Kroll  or  the  Hunter  processes;  the  manpower  and  the  metal  inventory  are  much  lower,  the 
energy  consumption  is  decreased  while  only  small  amounts  of  reagents  are  involved  in  the 
reaction  at  any  time  so  that  hazard  problems  are  highly  reduced,  the  metal  recovered  as  an 
ingot  is  very  pure  while  the  metal  not  included  in  the  ingot  can  be  sold  as  a  powder,  it  could 
also  be  used  to  prepare  titanium  alloys  in  ingots,  or  powders  of  pure  titanium  or  of  alloyed 
titanium  including  intermetallic  compounds.  The  research  started  ten  years  ago  at 
laboratory  scale.  Since  1987,  a  pilot  capable  of  25  kg  titanium  per  hour  is  operated  in  the 
hall  for  testing  prototypes  of  the  Centre  de  Recherches  Industrielles  of  the  University  Libre 
de  Bruxelles.  So  far,  sodium  and  titanium  tetrachloride  handling  and  gas  production  are 
under  control,  giving  stable  and  reproducible  constant  gas  flows.  Sodium  chloride 
condensation  is  also  satisfactory.  The  reaction  occurs  at  high  speed  and  gives  the  expected 
high  temperatures.  However,  as  it  was  thought  that  the  heat  of  reaction  is  high  enough  to 
heat  up  the  reaction  chamber,  no  preheating  system  was  provided.  After  trying  a  number  of 
injectors,  and  also  after  mathematical  modelling,  it  was  shown  that  preheating  is  absolutely 
necessary,  otherwise  the  transient  lasts  long  enough  for  the  reaction  chamber  to  be  clogged 
with  partially  molten  reaction  products.  Further  research  including  electric  resistance 
preheating  showed  this  method  to  be  unefficient.  Despite  of  that,  reactions  lasting  for  two 
hours  were  performed,  but  titanium  was  recovered  as  conglomerates  of  particles  instead  of  a 
molten  pool.  Future  experiments  should  make  use  of  other  preheating  systems. 

IMTRQDUCnQN 

Owing  to  its  exceptional  properties  and  to  the  availability  of  suitable  ores,  titanium  should 
undergo  a  wide  market  expansion.  This  was  not  the  case  so  far  because  the  price  of  the  metal 
is  still  too  high  to  make  it  competitive  against  other  materials  like  for  instance  stainless 
steel.  Accordingly,  except  in  countries  where  an  industrial  strategy  for  titanium  development 
exists,  the  uses  of  this  metal  and  its  alloys  are  restricted  mainly  to  aeronautics,  aerospace 
and  chemical  industry  applications.  In  fact,  there  is  a  need  for  a  new  industrial  process  for 
making  titanium,  able  to  reduce  markedly  the  base  metal  cost.  The  Kroll  and  Hunter 
processes  used  today  are  based  on  the  discontinuous  metallothermic  reduction  of  titanium 
tetrachloride  either  in  one  step  by  magnesium  or  in  two  steps  by  sodium.  Despite 
improvements  described  in  literature  [1-3),  they  involve  many  operations  before  getting  an 
ingot  suitable  for  further  processing.  Attempts  to  develop  alternative  processes  were  up  to 
now  largely  unsuccessful. 
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This  paper  is  describing  the  present  status  of  a  research  aimed  at  developing  a  new 
continuous  process  [4]  for  making  titanium  ingots  in  one  step. 

BASIC  IDEAS 

The  general  principle  of  the  process  is  to  react,  in  one  step  and  at  atmospheric  pressure, 
gaseous  sodium  with  gaseous  titanium  tetrachloride.  Adiabatic  reaction  temperature  is 
easily  in  the  range  of  2  200-2  400  K,  so  that  the  products  of  the  reaction  are  gaseous  sodium 
chloride  and  liquid  titanium.  As  titanium  is  the  only  condensed  constituent,  the  pure  metal 
should  be  recovered  directly  as  an  ingot  (the  DITTNCOT  Process). 

Such  a  process,  if  successful,  has  many  advantages  versus  those  in  use  today,  mainly  because 
it  is  continuous  and  avoids  making  sponge  or  powder  contaminated  with  salts  as  an 
intermediate.  Figure  1  makes  this  very  clear  in  a  synthetic  bloc  diagram.  A  Cockerill 
Sambre  industrial  evaluation  team  came  to  the  conclusion  that  advantages  of  this  new 
process  could  be  described  as  follows  :  The  process  is  continuous,  avoids  the  sponge  and  the 
associated  operations,  and  is  susceptible  of  full  automation. 

Accordingly,  the  plant  can  be  very  compact,  reducing  investment  by  a  factor  of  at  least  two. 
Energy  consumption  can  also  be  reduced  by  at  least  one  third.  The  processing  time  and  the 
metal  inventory  can  be  drastically  reduced  by  at  least  20.  The  manpower  can  also  be  reduced 
by  at  least  3.  More  best  quality  metal  can  be  produced  because  no  iron  contamination  can  occur 
in  the  reactor,  and  no  nitrogen  or  hydrogen  contamination  can  occur  before  the  ingot 
solidification  due  to  suppression  of  any  operation  on  high  specific  area  intermediates,  no 
carbon  contamination  can  occur  coming  from  any  vacuum  pumping  system.  Working  conditions 
and  environmental  protection  are  also  improved  because  very  small  amount  of  reactants  are 
present  in  the  reaction  circuit  at  any  time,  manual  operations  during  the  process  are 
drastically  reduced  and  no  handling  nor  physical  treatment  of  sponge  is  necessary.  All  these 
advantages  were  due  to  reduce  operating  costs  by  at  least  twenty  percent  against  conventional 
processes  in  use  today.  The  process  theoretical  feasability  was  determined  on  the  basis  of 
thermodynamic  calculations.  Figure  2  shows  the  results  for  adiabatic  conditions  when 
sodium  and  TiCU  are  introduced  in  the  reactor  at  their  boiling  temperature,  as  gases.  The 
metallurgical  efficiency  increases  when  the  percentage  of  excess  sodium  increases. 
Temperature  passes  however  through  a  maximum,  at  about  2  400  K,  and  25  percent  excess 
sodium.  At  that  point,  the  metallurgical  efficiency  is  of  approximately  91  percent.  In 
practice,  some  heat  loss  should  be  considered  in  the  reaction  zone.  Further  calculations  were 
made  for  a  reactor  capable  of  25  kg  titanium  per  hour,  supposing  vanous  heat  loss  levels  in 
the  reactor.  Figures  3  and  4  show  the  favourable  influence  of  such  losses  (expressed  in  kW)  on 
the  metallurgical  efficiency,  the  reaction  temperature  remaining  well  above  the  titanium 
melting  point.  Theoretical  optimum  conditions  could  be  operating  with  10  to  15  percent  excess 
sodium  and  a  reactor  heat  loss  of  20  to  25  kW  (for  25  kg  Ti/h),  resulting  in  a  metallurgical 
efficiency  better  than  95  %  in  the  reactor,  the  rest  of  titanium  being  recovered  outside,  at  a 
lower  temperature,  as  a  powder  by  product.  Figure  5  gives  an  idealized  sketch  of  the  process, 
while  figure  6  gives  some  important  figures  concerning  material  balance  and  power 
consumption  for  a  25  kg  Ti/h  prototype. 

EXPERIMENTAL 

Small  scale  laboratory  experiments  started  in  1975  in  the  University  Libre  de  Bruxelles 
(ULB)  by  Winand,  Fontana  and  Segers,  without  external  funding.  Initially,  extra  heat  was 
provided  to  the  reaction  by  a  d.c.  plasma  torch  but  was  found  deleterious  to  the  metallurgical 
efficiency  in  the  reactor  :  argon  was  diluting  the  reaction  gases,  favouring  the  backward 
reaction.  Further  experiments  made  only  use  of  some  external  resistance  heating.  At  the  end 
of  1979,  a  large  belgian  steel  company  -  Cockerill  S.A.  -  became  interested  in  the  project.  The 
initial  patent  property  was  transferred  to  this  company  and  the  research  went  on  in  the 
frame  of  a  contract  between  University  Libre  de  Bruxelles,  Cockerill  and  IRSIA,  a  Belgian 
governmental  sponsoring  organization.  In  mid-1980,  a  new  laboratory  scale  experimental  set 
up  was  started,  capable  of  1.5  kg  Ti/h.  It  was  possible  to  feed  a  reactor  with  sodium  and 
titanium  tetrachloride  in  gaseous  state,  to  reach  the  reaction  temperature  in  a  very  short 
time,  and  to  produce  titanium  metal,  but  it  was  impossible  to  achieve  thermal  autonomy  at 
that  scale 


Therefore,  it  was  decided  to  build  a  bigger  installation  able  to  produce  25  kg  Ti/h  in  the  hall 
for  testing  prototype  of  the  Centre  de  Recherches  Industrielles  (CRI)  de  I'Universitd  Libre  de 
Bruxelles,  at  Nivelles,  situated  at  approximately  25  km  from  Brussels.  The  experiments 
started  in  February  1987,  in  the  form  of  a  research  contract  between  Cockerill  Sambre  S.A.  - 
ULB  and  Region  Wallonne,  the  Southern  part  of  Belgium.  This  last  equipment  only  and  some 
of  its  experimental  results  will  be  described. 

The  equipment 

Feed  circuits 

Except  for  sodium  special  purification  problems,  sodium  and  titanium  tetrachloride  feed 
circuits  were  identical.  A  first  part  was  devoted  to  loading  the  reactants  to  the  circuit  by 
either  pumping  liquid  TiCU  under  argon  or  by  manual  transfer  of  sodium  ingots.  Sodium  was 
melted  under  argon  and  transferred  through  a  stainless  steel  filter  to  a  second  vessel.  The 
second  part  of  the  feed  circuits  was  a  waiting  loop  where  the  liquid  reactant  was  kept 
moving  at  the  approximate  flow  rate  necessary  for  the  reaction.  The  third  part  of  the  feed 
circuits  was  made  of  Inconel  600  evaporator  coils  included  in  electric  resistance  furnaces  and 
of  heated  transfer  lines  to  the  reactor.  The  third  one  was  fed  by  opening  the  waiting  loops  to 
start  the  reaction.  TiCl4  was  heated  up  to  400°  C  and  sodium  up  to  950°  C. 

Reader 

The  reactor  was  a  watercooled  vessel  with  a  large  lateral  opening  leading  to  the  salt 
recovery  circuit.  The  reaction  zone  included  the  burner  on  which  the  injector  was  fitted,  and  a 
fix-crucible  placed  to  recover  titanium.  The  internal  wall  of  the  burner  was  made  of  silicon 
carbide,  eventually  preheated  by  electric  resistance.  After  a  layer  of  heat  insulator,  a 
sodium  cooled  coil  was  inserted  in  order  to  maintain  the  overall  shape  of  the  burner  during 
the  reaction.  The  external  walls  of  the  burner  were  made  of  three  titanium  sheets  placed  at 
three  different  diameters.  Seven  different  injectors  were  tried.  Each  of  them  provided  TiQ< 
injection  in  the  center  and  sodium  at  the  exterior  in  order  to  prevent  any  unreacted  TiCU  from 
escaping  the  reaction  zone.  The  fix  crucible  was  made  of  alumina  eventually  preheated  by 
electric  resistance.  It  was  likely  to  be  replaced  by  a  continuous  casting  system.  A  loose 
cydindrical  metal  sheet,  which  acted  as  molten  salt  condensor,  was  placed  inside  the  vessel, 
surrounding  the  burner  and  the  crucible.  Molten  salt  was  recovered  at  its  bottom  in  a  large 
metal  crucible. 

Salt  circuit 

At  the  reactor  outlet,  a  special  salt  condensor,  fitted  with  metal  plates  was  foreseen.  It  was 
followed  by  three  cyclones  in  series  leading  finally  to  a  scrubber.  This  salt  circuit  proved  to 
be  useless  because  all  the  salts  and  the  excess  sodium  were  condensed  on  the  loose  cylinder 
inside  the  reactor  during  the  two  hours  experiments. 

Cp.altcl.rocm 

This  room  was  containing  a  centralized  command  pulpit  with  a  synoptic  table  showing  the 
state  of  all  the  valves,  pumps  and  levels  of  the  reactants  in  their  vessels.  A  centralized  data 
logging  system  was  able  to  handle  more  than  two  hundred  measures  on  a  P.C.  Twenty 
measurements  were  carried  out  simultaneously  and  independently  of  the  P.C.  allowing 
permanent  visual  control. 

Safety 

The  sodium  and  the  titanium  tetrachloride  vapor  feeding  circuits  were  placed  in  separate 
small  buildings  inside  the  prototype  testing  hall.  The  bottom  of  the  sodium  building  was 
provided  with  Graphex  Ck  23,  while  the  TiCU  building  was  dosed  and  connected  to  a 
vertical  scrubber  placed  outside  the  hall. 

EXPERIMENTS 

Only  the  experiments  (in  total  24)  performed  with  the  25  kg  Ti/h  equipment  will  be  shortly 
described. 

Experiments  without  preheating 

It  was  thought  initially  that  preheating  of  the  reaction  zone  was  not  necessary,  because  of 
the  reaction's  very  high  exothermicity  .  Moreover,  as  the  reactants  were  introduced  as 
vapors,  ignition  occured  from  itself. 
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The  burner  internal  shape  was  fixed  after  experiments  making  use  intentionally  of  too  long 
burners  :  it  was  shown  that  the  maximum  temperature  was  reached  at  a  30  cm  distance  from 
the  injector  nozzle.  A  narrowed  section  had  to  be  introduced  in  the  sodium  vapor  tube  to 
increase  the  pressure  drop  and  avoiding  flow  oscillations.  The  main  achievements  of  these 
experiments  were  that  sodium  and  titanium  tetrachloride  could  be  securely  fed  as  vapors  to 
the  injector  in  a  constant,  controllable  and  reproducible  way;  that  temperatures  as  high  as  2 
000  Celcius  were  effectively  obtained  in  the  burner;  that  large  amounts  of  titanium  were 
recovered  in  the  crucible  and  in  the  burner;  that  no  lower  valency  titanium  chlorides  were 
observed  and  that  sodium  chloride  was  mainly  condensed  on  the  loose  cylinder  in  the  reactor 
itself. 

However,  titanium  in  the  crucible  was  mainly  recovered  as  fine  particles  with  diameters  in 
the  range  of  2  to  10  micrometers.  The  inside  of  the  burner  itself  proved  to  be  clogged  in  a  very 
short  time  (ten  to  fifteen  minutes)  by  sodium  chloride  and  titanium  metal  conglomerates  who 
changed  the  burner  internal  shape  and  finally  the  whole  reactor  zone. 

The  same  results  were  observed  with  swirling  coaxial  and  with  toroidal  burners. 

The  first  preheating  was  done  by  means  of  an  electrical  resistance  placed  like  a  candle  inside 
the  reactor  zone  and  by  introducing  an  electric  resistance  in  the  alumina  refractory  material 
in  the  crucible.  The  maximal  temperatures  achieved  by  this  method  were  800°  C  in  the 
burner  and  1  100°  C  in  the  crucible.  This  proved  to  be  ineffective,  so  a  Kanthal  electrical 
resistance  mantel  was  placed  inside  the  burner  walls  ,  behind  the  silicon  carbide. 

This  allowed  preheating  of  the  burner  up  to  1  100°  C.  The  injector  itself  was  preheated  up  to 
750°  C.  The  experiments  performed  with  this  preheating  system  showed  that  a  maximum 
temperature  of  1  350  to  1  400°  C  was  reached  on  the  external  (opposite  to  the  reactor  zone) 
surface  of  the  silicon  carbide  wall  (after  15  to  30  minutes).  A  tantalum  heating  mantel  was 
tried,  in  order  to  increase  the  preheating  temperature,  but  it  proved  unpredictable  :  it  broke 
usually  before  the  experiment  started.  In  all  experiments,  the  inside  of  the  burner  was 
clogged  like  in  experiments  made  without  preheating,  with,  however,  less  sodium  chloride 
in  the  titanium  shapes  recovered  (see  figures  8  to  10). 

Concerning  titanium  recovery,  the  best  results  obtained  were  in  the  burner,  with  layers  of 
pure  and  partially  molten  titanium  and  in  the  crucible,  with  partly  molten  titanium 
particles  of  about  10  micrometers  diameter.  The  salt  condensed  on  the  loose  metal  sheet  in 
the  reactor  was  mainly  sodium  chloride  and  excess  sodium  but  contained  approximately  half 
the  titanium  metal  produced  as  fine  powder  (2  to  10  micrometers).  The  metal  efficiency  in 
the  reaction  zone  was  in  the  range  of  40  to  45  %  but  not  gathered  in  a  satisfactory  molten  pool. 
Supplementary  experiments  were  carried  out.  One  of  them  was  made  without  sodium  cooling 
the  burner.  The  experiment  was  shortened  in  order  to  avoid  destroying  the  burner.  However, 
a  maximum  temperature  of  1  350  Celcius  was  again  observed  after  15  minutes.  After  the 
experiment,  a  central  egg  of  pure  titanium  and  layers  of  titanium  were  found  in  the  burner. 
Another  experiment  was  carried  out  without  burner  walls,  with  only  the  injector  and  the 
crucible  inside  the  reactor  vessel.  Making  use  of  an  infrared  camera  and  of  an  ignition  wire,  it 
could  be  shown  that  the  flame  went  back  from  the  wire  to  the  injector  nozzle,  showing  the 
reaction  rapidness. 


MATHEMATICAL  AND  PHYSICAL  MODELLING 

A  computer  thermal  model  of  the  burner  was  made  by  BELSIM.  On  the  basis  of  the  measured 
temperature  initial  increase,  the  model  showed  that  a  transient  time  of  two  hours  would  be 
necessary  to  reach  the  titanium  melting  point  on  burner  walls,  even  if  these  walls  are 
preheated  to  1  100°  C.  This  was  due  to  the  sodium  cooling,  considered  as  necessary  to  keep 
the  geometry  of  the  reaction  zone.  A  physical  model  of  the  burner  and  of  various  injectors 
was  tested  at  the  Von  Karman  Institute.  The  vapor  mixing  proved  to  be  very  satisfactory, 
and  can  not  be  considered  as  a  limiting  factor.  Further  mathematical  modelling  of  the 
reaction  was  made  by  Professor  J.  SZEKELY  at  MIT.  It  allowed  to  determine  velocities, 
temperatures  and  concentrations  in  the  burner  of  various  injector  types.  It  was  shown  that  the 
reaction  is  almost  finished  when  the  gases  leave  the  burner,  but  that  the  temperature  profile 
is  very  sensitive  to  the  walls  temperature  (figure  11). 


The  25  kg  Ti/h  experimental  set  up  was  used  for  24  runs  lasting  up  to  2  hours.  Some  of  them 
rated  35  kg  Ti/h  for  1 1/2  hour. 

It  proved  satisfactory  from  the  following  stand  points  : 

-  storage  and  purification  of  reactants 

-  measure  and  control  of  reactant  flows 

-  evaporators  and  injection  in  the  burner 

-  geometric  stability  of  the  burner 

-  condensation  of  molten  sodium  chloride  out  of  the  reaction  zone 


Problems  that  are  still  to  be  solved  : 

-  a  satisfactory  preheating  system  to  overcome  the  transient  period  at  the  beginning 
of  the  reaction  to  avoid  the  burner  clogging.  A  temperature  higher  than  the 
titanium  melting  point  must  be  reached  in  the  burner.  Induction  heating  seems  the 
most  promising,  but  a  plasma  torch  should  also  be  considered. 

-  increase  the  diameter  of  titanium  particles  to  keep  them  in  the  crucible.  This  point 
can  not  be  studied  if  the  previous  one  is  not  solved. 

•  realize  the  continuous  casting  of  titanium. 
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Abstract 

As  part  o(  a  U.S.  Bureau  of  Mines  program  to  develop  a  more  continuous  Tl  metal  process  that  uses 
domestic  resources,  a  study  was  made  of  the  reduction  of  CaTIFt  to  Tl  metal  using  Ca  as  reductant. 
Two-stage  batch  reduction  tests  carried  out  at  30-kW  power  In  an  Induction  slag  catch  furnace  show 
reaction  Initiation  and  completion  within  5  min.  Techniques  were  devised  to  feed  this  reacted  product 
Into  an  Induction  slag  Ingot  furnace  to  produce  a  Tl  Ingot  with  94  pet  Tl  recovery  and  to  separate  the  Tl 
from  the  byproduct  CaF2  slag.  The  latter  technique  also  was  applied  to  investigate  a  single-step  reduc¬ 
tion  test  In  which  CaTIF,  and  Ca  reactants  were  fed  to  the  Ingot  furnace  to  produce  Tl  ingot  directly. 

Introduction 

A  process  to  manufacture  pure  Tl  that  would  use  lower  grade,  less  costly,  and  more  available  domestic 
raw  materials,  such  as  amende  (FeT(03),  has  long  been  sought.  A  process  that  is  continuous,  thus  less 
costly,  and  uses  fewer,  simpler  process  steps  would  be  of  great  advantage.1  Early  attempts  to  obtain 
such  an  Ideal  process  usually  Involved  a  Tl  oxide  ore  such  as  Imenlte,  and  fluoride  salts  as  the  Tl  ex¬ 
traction  agent  to  produce  fluorotlta nates  and  Tl  fluorides. 

In  1952,  Kroll2  discussed  the  advantages  and  problems  of  producing  TIF,  and  alkali  fluorotlta  nates  such 
as  Na2TIF6  as  alternatives  to  the  chloride  route  to  Tl.  The  distinct  advantage  seen  by  Kroll3  Is  that  02 
does  not  displace  the  fluoride  from  the  Tl  as  It  does  from  the  chloride,  making  the  fluorotltanates  some¬ 
what  easier  to  handle.  Hunter4  found  that  reduction  of  NajTIF,  with  K  produced  a  product  with  only  73 
wt  pet  Tl.  At  about  the  same  time,  Weiss5  attempted  to  produce  Tl  by  pressing  a  mixture  of  I^TIF,  and 
Al  or  Na  into  a  pencil-shaped  electrode,  which  was  reduced  by  melting  In  an  arc  furnace.  The  product 
contained  97.5  wt  pet  Tl  and  was  quite  brittle,  indicating  Interstitial  contamination. 

Most  subsequent  research  (post-1945)  emphasized  fluorotltanate  salt  electrolysis  in  a  molten  salt  bath 
to  form  metallic  Tl.8'8  Methods  other  than  electrolysis  to  obtain  metallic  Tl,  using  fluorotltanates  as  the 
raw  feed  material,  also  have  been  proposed.  These  methods  include  the  AITi-Oxy  process9 1<n2  using 
Al  as  a  reductant  In  a  Zn  bath,  as  well  as  methods  using  Na,5, 15  K,1*'15,  Mg, 18  and  Al5, 18 18  as  reduc- 
tants.  None  of  these  methods  have  proved  to  be  commercially  successful,  and  none  produce  Tl  Ingot 
directly. 

A  simpler,  more  efficient  route  to  Tl  metal  is  by  chemical  reduction  of  the  fluorotitanate  salts  to  directly 
form  Ti  Ingot.  However,  molten  Tl  and  Its  alloys  are  reactive  with  materials  commonly  used  for  contain¬ 
ment.  An  ideal  reactor  for  the  reduction  of  the  fluorotitanate  salts  would  provide  (1)  an  enclosure  that 
Is  nonreactlve  with  the  Tl  and  byproducts,  (2)  a  volume  with  sufficient  residence  time  for  completion  ot 
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the  reaction,  (3)  Input  of  heat  to  maintain  reaction  end  maintain  the  Tl  and  byproducts  In  the  molten 
state,  (4)  mixing  of  the  reactants  and  products  to  ensure  both  reactant  avalabllty  for  reaction  and 
product  homogeneity,  and  (5)  a  method  to  add  more  feed  and  to  remove  and  separate  product  Tl  Ingot 
and  byproduct  slag  to  make  the  process  continuous.  The  induction  slag  process  developed  by  the 
Bureau  of  Mines19  provides  mixing,  continuity,  and  containment,  and  thus  Is  the  Ideal  reactor.  The 
process  was  designed  specifically  for  melting  Tl  scrap  and  sponge  In  a  water-cooled,  segmented  cruci¬ 
ble  by  Induction  heating.  In  the  melting  technique,  the  bottom  of  the  crucible  is  formed  by  the  cooled 
Tl  ingot,  which  Is  continuously  withdrawn.  The  Tl  metal  route  proposed  by  the  Bureau  of  Mines20-22 
uniquely  applies  the  Induction  slag  furnace  to  the  reduction  of  fluorotltanate  directly  to  Tl  metal  Ingot  by 
using  a  low-cost,  domestically  avalable  Imenlte  as  raw  feed  materiel. 

A  system  involving  calcium  fluorotltanate  (CaTIF6)  feed  and  Ca  reductant  was  chosen  for  simplicity  of 
chemical  species,  and  In  consideration  of  the  volatllty  of  reductant  and  slag.  Calcium  has  the  highest 
boiling  point  among  the  alkali  and  alkaline-earth  elements  commonly  used  for  reduction  (l.e.,  Na,  K, 
Mg,  and  Ca).  An  additional  advantage  for  the  use  of  Ca  in  this  route  was  Indicated  by  the  thermody¬ 
namic  work  of  Mah,23  Kelley,24  and  Kubaschewskl,25  and  the  experimental  processing  work  of  Suzuki, 
which  showed  that  Ca  has  the  greatest  potential  to  deoxidize  the  Tl  metal  product.  A  process  to  deoxi¬ 
dize  Tl  scrap  and  powders  with  Ca  In  a  Na  carrier  was  patented  recently  by  Fisher.27 

This  paper  discusses  the  reduction  of  CaTIF6  to  Tl  metal  using  Ca  metal  reductant,  with  calcium  fluoride 
(CaFj)  as  byproduct  Batch-type  studies  were  conducted  in  an  induction  slag  batch  furnace  with  and 
without  graphite  containment  crucibles.  Continuous  production  of  Tl  was  tested  in  an  Induction  slag 
ingot  furnace  employing  either  a  two-step  process  (with  reacted  feed)  or  the  preferred  single-step  re¬ 
duction  with  Ca  metal  reductant  and  CaTIF6  feed. 

Experimental  Procedures  and  Results 
Process  Flowsheet  and  Chemistry 


A  process  flowsheet  for  the  proposed  route  to 
Tl  metal20  22  Is  shown  In  Figure  1.  Details  of  the 
process  unit  operations  to  produce  the  CaTIF6 
from  llmenlte  used  in  the  reduction  step  are 
presented  elsewhere.21 22  The  reduction  step  Is 
given  by~ 

CaTIF6  ♦  2Ca  -  Ti  ♦  3CaF,.  (1) 
CaTIFs  Preparation 

To  expedite  the  research  effort,  a  synthetic 
CaTIF6  was  prepared  using  pure  TIOj  (anatase) 
instead  of  llmenlte  ore  for  the  reduction  proc¬ 
ess  studies.  The  synthesis  of  the  fluorotltanate 
compound  Is  a  two-step  process. 

(a)  TI02,  leached  with  48  to  52  pet  HF  at  338 
K.  produces  an  aqueous  solution  of  TIF4 
and  is  represented  by  the  reactlon- 

TiO?  *  4HF  -  TIF4  ♦  2HjO.  (2) 

The  HF  solution  first  is  heated  In  a  water 
bath  to  338  K,  then  placed  in  an  Ice  bath 
to  control  reaction  temperature.  TI02  Is 
added  and  the  leach  solution  temperature 
Is  maintained  at  343  to  353  K  by  the  exo¬ 
thermic  reaction  and  rate  of  feed  of  the 
TiOj.  Unreacted  solids  are  filtered  prior  to 
the  crystallization  step. 


Tltonhjm 

metal 


Figure  1  -  Process  flowsheet  of  CaTIF6  route  to  Tl. 
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(b)  Calcium  carbonate  (CaCOj)  then  Is  added  to  the  solution  In  a  water  bath  at  338  K,  after  which 
CaTiF,  precipitates  by  reactions  (3)  and/or  (4). 

T1F4  ♦  CaCOj  ♦  2HF  -  CaTiF,  ♦  CO,  ♦  H,0,  (3) 

TIF4  ♦  CaCOj  ♦  2HF  ♦  H,0  -  CaTIF,  •  2H,0  ♦  CO,.  (4) 

The  CaTIF,  slurry  Is  dried  overnight  at  338  K,  and  then  dried  for  3  days  at  468  K.  The  dry  powder 
is  crushed  and  stored  In  a  glovebox  or  In  an  oven  (373  K)  to  prevent  absorption  of  moisture. 
Typical  CaTIF,  chemical  analyses,  shown  In  Table  I,  Indicate  that  the  CaTIF,  produced  to  date  has 
not  been  free  from  water  of  hydration.  In  addition,  an  0, -containing  species,  TIOF,,  also  can  be 
present. 


Table  I  Typical  CaTIF,  Chemical  Analyses,  weight  percent1'2 


c  .  .  .  . 

. .  00001-0.001 

n2 . 

0.02 

Ca  .  . . 

18.5-20.7 

0 , . 

0.78-2 

F  .  .  .  . 

.  45.A-50.5 

SI . 

0.07-0.22 

Fe  .  ,  . 

Mg 

0.09 

0.15-022 

Ti . 

21.1-22.5 

Impurity  phases  detected  by  X-ray  diffraction  included 
CaF„  TIOF,.  and  CaTIF,*2H,0. 

^Theoretical  stoichiometric  wt  pet  for  CaTIF,:  1985  Ca, 

56.44  F,  23.71  Tl. 

Differential  Thermal  Analyses  (DTA) 

Differential  thermal  analyses  conducted  In  an  atmosphere  of  flowing  argon  (Ar)  were  performed  to  ob¬ 
tain  information  on  the  reaction  temperature  for  the  reduction  reaction  1.  An  exothermic  reaction  was 
observed  at  833  K  Results  of  X-ray  diffraction  indicate  complete  reduction,  with  a  primary  phase  of 
CaF,  and  a  trace  phase  of  Ti  detected.  Therefore,  with  Induction  heating,  a  moderate  Ignition  tempera¬ 
ture  Is  required  by  the  Ca  metal  to  cause  a  reaction  to  occur  In  induction  slag  furnace  batch  reduction 
tests.  In  practice,  heat  from  a  hot  ingot  In  the  ingot  furnace  would  be  sufficient  to  cause  complete 
reduction  of  the  feed  material.  Therefore,  power  could  be  decreased  during  reactant  feeding  to  avoid 
volatilization  of  Ca  and  then  raised  to  melt  the  Tl  and  separate  It  from  the  byproduct  CaF,  slag. 

Batch  Reduction  Tests  Using  Induction  Slag  Batch  Furnace 

The  Induction  slag  batch  furnace  was  used  for  batch  reduction  tests  with  and  without  graphite  contain¬ 
ment  crucibles.  The  furnace  contained  a  12.7-cm-diameter,  24-segment  water-cooled  Cu  crucible,  and 
power  was  supplied  by  a  100-kW,  10,000-Hz  motor  generator.  To  minimize  the  amount  of  reactants 
needed,  a  graphite  containment  crucible  was  used  for  Initial  tests.  The  crucible  acted  as  a  heat  source, 
being  rapidly  heated  by  the  Induction  field.  Tests  were  conducted  by  placing  100  g  CaTIF,  and  40  g 
Ca  (stoichiometric  amount)  In  a  graphite  crucible  inside  of  the  water-cooled  Cu  crucible.  The  system 
was  evacuated  to  below  50  xm  Hg  and  backfilled  to  69  kPa  Ar  prior  to  the  run.  The  reduction  of 
CaTIF,  took  place  according  to  Equation  1.  The  reduced  product  contained  approximately  17  wt  pet  Ti 
and  83  wt  pet  CaF,  slag.  Power  levels  Investigated  ranged  from  10  to  75  kW.  Power  levels  as  low  as 
15  kW  were  sufficient  to  initiate  a  complete  reaction.  After  completion  of  a  test,  the  charge  was  allowed 
to  cool  for  2  h  prior  to  removal.  The  reacted  product  was  easily  removed  from  the  graphite  container 
and  was  then  ground  using  a  shatter  box  to  prepare  a  sample  for  X-ray  diffraction  and  chemical  analy¬ 
ses.  Typical  X-ray  diffraction  analyses  indicated  a  primary  phase  of  CaF,  and  trace  phases  (1-10  pet) 
of  Ti,  TIC  (at  higher  power  levels),  CaO,  and  Ca(0H),. 

Charges  of  up  to  800  g  of  CaTiF,  with  stoichiometric  amounts  of  Ca  also  were  reacted  without  use  of  a 
graphite  container  in  the  water-cooled  Cu  crucible.  In  this  case,  low-temperature  Induction  heating  of 
the  Ca  metal  was  sufficient  to  Initiate  the  highly  exothermic  reaction.  Power  typically  was  held  between 
30  and  60  kW.  The  charge  also  was  allowed  to  cool  for  about  2  h  prior  to  removal.  As  was  found  In 
the  graphite  container  tests,  X-ray  diffraction  analyses  indicated  a  primary  phase  of  CaF,  and  trace 
phases  of  Tl,  CaO,  and  Ca(OH),.  The  Tl  had  formed  small  globules  distributed  In  the  CaF,  slag  by- 
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product.  To  try  to  agglomerate  these  globules,  a  buM-up  run  was  made  by  consecutively  reacting  four 
batches  of  400  g  CaTIF6  and  160  g  of  Ca  to  yield  2.24  kg  of  reacted  product.  This  Increased  the 
amount  of  Tl  In  the  crucible,  but  did  not  result  In  more  agglomeration. 


Tl  globules  were  removed  from  a  reacted  mass  and  melted  Into  a  button  for  chemical  analyses  by  non¬ 
consumable  arc  melting  In  a  water-cooled  Cu  hearth  In  an  Inert  atmosphere  to  determine  the  Tl  product 
purity.  In  an  initial  test,  02  content  of  the  starting  CaTF,  powder  was  4.S  wt  pet,  which  resulted  In  con¬ 
tamination  of  the  Tl  product  (see  test  1 1n  Table  II).  A  second  test  using  CaTIF,  powder  with  02  content 
of  0.78  wt  pet  stll  resulted  in  high  02  content  (2.19  wt  pet),  and  the  button  was  extremely  brittle.  Thus, 
It  Is  critical  to  have  a  CaTIF6  powder  with  no  02  contamination.  Chemical  analyses  of  these  buttons  are 
shown  In  Table  II.  Interstitial  contents  of  Tl  sponge  (ASTM  B299,  GP)  and  unalloyed  Tl  (Grade  4)  are 
given  for  comparison. 


Table  II  Chemical  Analyses  of  Tl  Buttons  (wt  pet) 


Ca 

F 

n2 

o2 

C 

Test  1  (4.5  wt  pet  02  In  CaTIF6) . 

....  0.032 

0.032 

0.08 

2.27 

0.12 

Test  2  (0.78  wt  pet  02  In  CaTIF6) . 

NA 

NA 

0.05 

1.95 

NA 

Test  3  (40  pet  excess  Ca) . 

. 01 

.12 

0.08 

1.64 

0.05 

Test  4  (60  pet  excess  Ca) . 

. 02 

.12 

0.11 

1.17 

0.07 

Tl  sponge . 

....  NS 

NS 

.02 

.15 

.03 

Unalloyed  Tl  (grade  4)  . 

....  NS 

NS 

.05 

.40 

.10 

NA  Not  analyzed.  NS  Not  specified. 

Thermodynamic  Information  predicted  that  the  Ca  would  remove  02  from  Tl.  Therefore,  tests  were  con¬ 
ducted  with  20,  40,  and  60  pet  excess  Ca.  Brims  Tl  buttons,  which  were  high  in  02,  stll  resulted,  as 
shown  In  Table  II,  although  free  Ca  was  present  In  the  slag  of  the  reaction  product.  Only  the  40  and  60 
pet  excess  Ca  results  are  shown. 

Reduction  Tests  In  the  Induction  Slag  Ingot  Furnace 

A  schematic  of  the  induction 
slag  Ingot  furnace  for  the 
production  of  Tl  ingot  from 
the  CaTIFe  Is  shown  In 
Figure  2.  An  Initial  starting 
stub  of  Tl  was  attached  to 
the  water-cooled  Cu  with¬ 
drawal  stinger  and  posi¬ 
tioned  in  the  crucible  about 
7.62  cm  from  the  top.  Vari¬ 
ous  diameters  of  the  starting 
stub  were  Investigated  to 
achieve  an  adequate  slag 
layer  for  separation  of  the 
byproduct  CaF,  slag  from 
the  Tl  Ingot.  An  initial 
amount  of  CaF2  slag  (about 
700  g)  was  added  on  top  of 
the  stub.  The  furnace  was 
evacuated  to  a  pressure  less 
than  50  »m  Hg,  then  back¬ 
filled  with  Ar  to  34  kfa. 

Power  Initially  was  turned  up 
to  30  kW  to  melt  the  slag, 
then  raised  to  50  kW  to  ob¬ 
tain  a  molten  pool  of  Tl. 

Figure  2  Induction  slag  Ingot  furnace. 
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Slag  malting  was  accomplished  by  conduction  ol  heat  from  the  induction  heated  Ti  Ingot  Once  a 
molten  pool  was  established  feeding  of  the  reactants  began 

Three  methods  were  examined  to  react  the  feed  material  and  separate  the  byproduct  slag  from  the  TI 
ingot  (1)  teed  reactants  directly  onto  molten  pool.  (2)  feed  prereduced  product  from  the  batch  furnace 
onto  a  molten  pool  of  Ti  In  a  two-step  process,  and  (3)  feed  reactants  onto  the  hot,  but  solidified  Ti 
ingot,  with  no  power  until  a  reduction  occurred  (to  limit  Ca  volatilization),  then  turn  power  to  50  kW  to 
obtain  a  molten  pool  of  Ti.  The  third  approach  was  found  to  be  more  satisfactory  because  it  avoided 
Ca  loss  and  was  a  single-step  process 

A  9  53 -cm -diameter  Ti  stub,  weighing  5.768  g.  was  used  in  the  reduction  experiment,  during  which  773 
g  of  reacted  product  was  fed  for  the  two-step  reduction  process  The  majority  of  the  slag  remained  in 
the  crucible  area,  and  chemical  analysis  for  TI  In  the  slag  was  i  wt  pet  Weight  gain  of  the  Ti  stub  was 
112  g.  with  a  calculated  TI  recovery  of  85  pet  BrineH  hardness  of  the  top  of  the  ingot  increased  from 
188  HRB  to  272  HRB.  indicating  0^  contamination,  as  expected,  from  the  pre-reacted  feed  Oxygen 
content  of  0  563  wt  pet  was  measured  at  the  top  of  the  ingot,  with  a  N,  content  of  0  004  wt  pet 

One  of  the  problems  with  this  reaction  is 
the  excessive  amount  of  CaF?  slag  pro¬ 
duced  as  byproduct  The  induction  slag 
ingot  furnace  had  no  provision  for  contlnu 
ous  slag  removal  In  one  run.  reacted 
product  was  fed  to  the  furnace  and  resulted 
in  slag  build  up  in  the  crucible  melting  area 
The  run  had  to  be  prematurely  terminated 
after  i  4  kg  had  been  fed  Figure  3  shows 
the  resulting  ingot  and  slag  Therefore,  a 
means  of  separating  slag  from  the  Ti  ingot 
was  necessary  for  continuous  operation 

Slag  was  successfully  separated  from  the 
ingot  during  a  run  (using  2  05  kg  of  reacted 
feed)  In  which  a  continuous  slag  layer 
formed  around  the  stub  A  machined  TI 
starting  stub  allowed  for  a  0  48-cm  gap  be 
tween  the  starting  stub  and  the  water- 
cooled  Cu  crucible,  and  approximately  1  kg 
of  CaF;  slag  was  added  to  the  top  of  the 
ingot  Power  was  held  low  enough  to  melt 
the  slag  and  form  the  desired  slag  layer, 
then  raised  to  70  kW  to  obtain  a  molten 
pool  Reacted  product  was  fed  to  the  pool 
for  about  20  min  with  no  build  up  of  slag 
About  1  4  kg  of  slag  fell  to  the  bottom  of 
the  furnace,  and  the  rest  appeared  as  long 
drips  below  the  Ti  stub,  as  shown  in  Figure 
4  The  slag  was  removed,  and  the  weight 
gain  of  the  ingot  was  325  g.  for  a  Ti  yield  of 
94  pet  The  above  procedure  also  was 
followed  for  ingot  tests  using  CaTIF6  and  Ca 
powders  for  single  step  reduction 

Due  to  the  volatilization  of  Ca.  reactants  cannot  be  fed  onto  a  full  pool  of  molten  TI.  However,  since 
the  reaction  temperature  is  low  (<873  K).  the  power  can  be  turned  down  (or  off)  momentarily  when 
reactants  are  fed  onto  the  stub  Due  to  the  amount  of  CaF,  slag  produced  by  the  reduction  reaction 
(83  pet  of  the  total  mass).  It  was  difficult  to  re-establish  a  fully  molten  pool  after  the  reaction  took  place 
Therefore,  an  auxiliary  directed  energy  source,  such  as  an  Ar  plasma  torch.  Is  recommended  to  assist 
In  melting  the  CaF,  slag  in  the  reaction/separation  zone 


Figure  3  -  TI  ingot  and  CaFj  byproduct 
showing  slag  buildup 


Figure  4  -  Separation  of  CaF  slag  from  Ti  ingot 

Using  the  furnace  operation  procedures  descnbed  above  CaTiF*  and  Ca  were  fed  onto  the  stub  at  low 
temperatures  to  cause  reduction,  and  then  power  was  increased  to  form  a  molten  Ti  pool  and  to  con 
solidate  the  Ti  to  the  ingot  and  to  separate  byproduct  slag  Titanium  recovery  of  93  pet  was  obtained 
including  complete  separation  of  Ti  from  slag  in  a  test  using  2305  g  of  reactants  to  produce  344  g  of  Ti 
Titanium  distribution  shown  in  Table  III  was  calculated  from  chemical  analyses  o I  the  products  for  Ti 
Nearly  complete  separation  of  Ti  from  the  byproduct  slag  reporting  to  a  removable  container  at  the 
bottom  of  the  furnace  enclosure  ('slag  trap’)  is  shown  Some  slag  that  remained  in  the  crucible  was 
easily  removed  from  the  outside  surface  of  the  ingot  and  contained  a  small  amount  of  Ti 

TABLE  III  Titanium  Distnbution  and  Analyses  for  CaTiF,,  Reduction  Run 


Weight  (g)  ■ 

Ti  ingot  Ingot  gain  of  92  85  NA 

344  g 

Slag  in  slag  trap  1 .979  0  09  P  =  CaF;.  BDT  -  CaO 

Slag  in  crucible  377  3  23  P  =  CaF,.  BDT  CaO 

Furnace  dust_ 150_ 381_ P ? CaF,.  T « CaTiF* 


NA  Not  analyzed 

P  Primary  phase  (40  100  pet) 

T  Trace  phase  (1-10  pet) 

BDT  Barely  detectable  trace  phase  (less  than  1  pet) 

Ti  analysis  of  starting  CaTiF,  powder  was  22  5  wt  pet 

Cpngluyon? 

Reduction  of  CaTiF,  with  Ca  was  investigated  in  both  batch  and  continuous  processes  using,  respec 
tively.  the  induction  slag  batch  and  ingot  furnaces  Reduction  and  slag  separation  operations  must  be 
performed  at  different  temperatures  Batch  reduction  tests  and  DTA  results  show  that  the  reduction 
reaction  ignition  temperature  is  low  (<  873  K)  In  contrast,  byproduct  slag  separation  must  be  accom¬ 
plished  at  temperatures  above  the  melting  point  of  CaF  (1696  K)  using  heat  from  a  molten  pool  of  Ti  In 
the  induction  slag  ingot  furnace  Byproduct  CaF  slag  separation  was  obtained  with  good  Ti  recovery 
to  the  ingot  However,  combining  the  reduction  and  slag  separation  operations  into  a  single  step  proc 
ess  at  slag  separation  temperature  was  unsucesstul  due  to  volatilization  of  Ca  metal  reductant 
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Another  problem  Is  the  0,  content  of  the  CeTtF6  powder  produced,  which  must  be  lowered  from  the 
present  1  wt  pet  In  order  to  produce  Tl  Ingot  of  acceptable  purity.  Use  of  excess  Ca  In  the  reduction 
step  did  not  lower  the  02  content  of  the  Tl  product  to  acceptable  purity. 

Another  improvement  would  be  a  directed  heating  source,  such  as  a  plasma  arc  torch,  to  melt  the  slag 
since  the  slag  presently  Is  heated  only  by  conduction  of  heat  from  the  Tl  ingot. 
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PREVENTION  OP  GAS-SATURATED  INCLUSIONS. 
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Abstract 

The  main  factors  that  define  the  quality  of  spongy  titanium  and 
allow  its  production  with  low  hardness  and  without  gas-satura- 
ted  inclusions  are:  high  level  of  magnesium  and  titanium  tetra¬ 
chloride  purification,  optimization  of  technological  conditi¬ 
ons  using  automated  processes  control  systems,  high  level  of 
cleanliness  in  the  apparatus,  and  establishment  of  strict  con¬ 
trol  at  all  stages  of  titanium  production. 


Introduction 


Consequence  of  interaction  with  the  impurities  is  considerably 
more  substantial  for  titanium,  than  for  most  structural  metals. 
Contaminated  titanium  refining  presents  a  oomplex  scientifio- 
teohnioal  problem,  which  has  not  yet  been  introduced  into  the 
industrial  praotlce.  That  is  why  the  quality  of  primary  (spon¬ 
gy)  titanium  is  in  the  centre  of  attention  since  the  moment  of 
organizing  the  industrial  production. 


Purity  of  Reactants 

Purity  of  the  finished  produot* is, in  many  respects, defined  by 
the  purity  of  used  reagents  and  the  problem  of  spongy  titanium 
quality  is  considered  as  a  complex  of  problems  of  metal  associ¬ 
ated  manufacturing  operations.  Influence  of  each  manufacturing 
stage  on  the  ohange  of  spongy  titanium  hardness  is  set  forth  in 
(1).  The  technology  was  developed  on  the  basis  of  an  extensive 
programme  of  investigations  (2;  and  inoludes  a  matrix  of  all 
teohnioal  stages  of  titanium  production.  Thus,  there  have  been 
developed  apparatus  and  technology  of  preparing  magnesium  as 
a  reducing  agent  of  high  purity  and  transporting  it  in  the  mol¬ 
ten  form  to  reduction  apparatus  (reactor)  without  the  intermedi 
ate  depressurization  (3,4).  Such  technology  is  possible  thanks 
to  the  fact  that  titanium  production  is  an  integrated  technolo- 
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gioal  oyole  with  magnesium  production.  There  is  also  used  pure 
condensate  reoyoled  magnesium  formed  in  the  prooess  of  vacuum 
separation  (3).  There  have  been  developed  an  apparatus  and 
technology  for  multistage  oleaning  of  titanium  tetrachloride 
that  provides  its  stable  quality  in  spite  of  use  of  various 
types  of  raw  material  and  carbon  reducing  agent  (6).  Titanium 
tetrachloride  is  stored  under  argon  atmosphere. 

Quality  ana  Prooess  Controls. 

Control  of  technological  processes  plays  an  important  part  in 
provision  of  high-quality  spongy  titanium.  Characteristic  pro¬ 
perties  of  titanium  production  are  as  follows:  many  stages, va¬ 
riety  of  controlled  and  regulated  parameters,  a  large  number 
of  simultaneously  operating  apparatus  of  the  same  type,  high 
temperatures  at  the  stages  ,  use  of  highly  reactive  dangerous 
reagents,  etc.  For  magnesium-thermal  processes  control  there 
is  developed  an  automated  system  whioh,by  its  functional  struc¬ 
ture,  is  a  hierarchical  two-level  system  (7).  At  the  low  level 
there  are  solved  the  problems  of  automated  control  or  regula¬ 
tion  of  parameters  of  reduction  or  vacuum  separation  stages. 

At  the  upper  level  there  are  solved  the  problems  of  control 
common  to  all  shops:  treatment  of  statistical  data  on  carried 
out  cycles,  calculation  of  technological  and  economic  indices, 
analysis  of  stability  of  spongy  titanium  quality  at  the  given 
level  of  technological  parameter  variations,  prediction  of 
cycle  termination  time,  etc.  Technical  aids  for  automated  sys¬ 
tems  include:  sensors,  primary  converters,  actuating  mechanisms, 
machines  of  oentral  ized  control  for  electronic  computers. 

Use  of  automated  systems  allows  increased  reliability  and  re¬ 
producibility  of  the  process  conditions;  the  prooess  is  auto¬ 
mated  and  conducted  by  a  specified  programm.  Extension  of  re¬ 
duction  and  vacuum  separation  apparatus  at  all  plants  (1)  po¬ 
sitively  influenced  the  quality  of  spongy  titanium  produoed. 

At  present,  the  production  rate  of  the  apparatus  is  up  to  4t 
per  cycle.  Extension  of  overall  dimensions  allows  an  increased 
yield  of  sponge  of  high  purity  and  to  decrease  the  content  of 
such  impurities  as  oxygen  (see  Table  I).  Not  the  least  of  the 
factors  is  the  use  of  high-purity  argon,  its  complementary 
cleaning  of  oxygen  or  nitrogen  above  heated  spongy  titanium. 


Elimination  of  Inclusions, 

On  the  whole,  the  developed  technology  allows  consistent  pro¬ 
duction  of  quality  spongy  titanium  of  less  than  90  HB  hardness 
with  the  high  yield  reaching  2b%  of  the  total  output.  Besides 
the  requirements  for  the  total  level  of  quality,  there  must  be 
imposed  requirements  for  the  absence  in  spongy  titanium  of 
inclusions  (zones)  with  gas  saturation,!. e.  nitrogen  and  oxy¬ 
gen  impurities  in  the  form  of  nitrides  or  oxynitrides,  that  may 
cause  failures  in  the  parts  of  aircraft  engines.  In  order  to 
meet  this  requirements,  at  eaoh  stage  of  production  there  are 
envisaged  the  measures  preventing  the  contact  of  titanium  te¬ 
trachloride,  molten  magnesium,  hot  reaction  mass  and  heated 
spongy  titanium  with  air.  Measures  for  the  prevention  of  conta¬ 
minating  titanium  with  nitrogen  or  oxygen  begin  with  preparing 
the  apparatus  for  the  prooess.  The  main  requirements  for  the 
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apparatus  where  titanium  is  produced,  to  the  pipe  lines  for 
titanium  tetraohloride,  piping  arrangement  for  argon  and  vacu¬ 
um  lines  are  air-tightness  and  operational  reliability.  They 
are  provided  with  high  quality  of  components,  careful  assembly 
level  of  organization  of  assembly/disassembly  operations, cont¬ 
rol  of  assembly  quality,  Muoh  attention  must  be  given  to  inco¬ 
ming  control  of  the  quality  of  reduction  apparatus  as  well  as 
vacuum  separation  apparatus,  current  control  of  quality  of  as¬ 
sembly  welded  seams,  control  of  air-tightness  of  rubber  seals 
in  the  knock-down  structures.  As  the  overall  dimensions  of  ap¬ 
paratus  are  increased  these  requirements  increase  too.  One  of 
responsible  operations  when  preparing  apparatus  before  each 
cycle  is  control  of  air-tightness,  whioh  is  carried  out  on  the 
specialized  stands  where  the  search  for  leaks  in  the  seams  and 
joints  is  performed  under  pressure.  Quality  of  spongy  titani¬ 
um  in  many  respects  depends  also  on  reliability  and  air-tight¬ 
ness  of  used  evacuation  system  employed.  Here  necessary  mea¬ 
sures  are  undertaken  for  cutting  off  vacuum  lines  from  appara¬ 
tus  with  heated  titanium  in  case  of  a  sudden  failure  of  the 
vacuum  system. 

Table  I  Quality  Indices  of  Spongy  Titanium  Produced  in 
Apparatus  of  Various  Cycle  Output 


Cycle  output,  unit  of  measurement 
Index  . . . . . — 


1.0 

1.5 

2.3 

3.5 

4.2 

5-5 

Yield  of  high- 

purity  sponge,# 

75 

78 

79 

80 

83 

85 

including: 

lower  than  90  HB 

3 

8 

12 

15 

25 

32 

from  90  to  120  HB 

72 

70 

67 

65 

58 

53 

Content  of  impu¬ 
rities  in  the  mar¬ 
ketable  metal ,% 

-  oxygen 

0.048 

0.041 

0.037 

0.036 

0.035 

0.034 

-  nitrogen 

0.011 

0.013 

0.010 

0.013 

0.011 

0.010 

-  iron 

0.043 

0.045 

0.040 

0.046 

0.047 

0.050 

-  hardness,  HB 

103 

100 

99 

98 

97 

97 

In  industrial  practice,  there  is  used  the  so-called  semi— alig¬ 
ned  circuit  by  which  assembly  of  the  vacuum  separation  appara¬ 
tus  is  carried  out  without  cooling  the  reduction  apparatus, 
while  the  process  of  vacuum  separation  is  carried  out  in  a 
specialized  furnace.  Apparatus  design  and  technological  met¬ 
hods  prevent  the  contact  of  hot  reaction  mass  with  atmospheric 
air  during  reassembly  (2), 

In  the  prooess  of  forming  the  sponge  block  in  the  apparatus  a 
considerable  part  (up  to  30, j)  of  impurities  entering  the  reac¬ 
tor  and  including  nitrogen  or  oxygen  are  withdrawn  from  the 
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process  v/ith  magnesium  dichloride,  which  is  removed  in  the 
molten  state  in  the  course  of  reduction  process  proceeding. i’he 
other  substantial  part  of  impurities  is  concentrated  in  the 
bottom  part  of  the  sponge  block, which  is  then  separated  during 
the  mechanical  treatment  of  the  block.  Due  to  this  the  probabi 
lity  of  contamination  of  the  sponge  with  gas  saturated  impuri¬ 
ties.  Quantitative  characteristics  of  movement  of  nitrogen  or 
oxygen  impurities  in  magnesium-thermal  process  show  the  data 
of  fable  II. 

fable  II  Balance  of  Nitrogen  or  Oxygen  Impurities  in 
Iuagnesium-i’hermal  Process 


Impurity  Input  and  .vemoval 


Quantity  of  impurities,kg/t 


Nitrogen  (3)  Oxygen  (1) 


Impurity  source 
1.  Prom  titanium  tetrachloride 
Prom  magnesium: 

-  additionally  fed 

-  recycled  condensate  tig 
Prom  recycled  condensate  magne¬ 
sium  dichloride 
Prom  argon 

By  adsorption  of  the  air  moisture 
Inleakage  into  apparatus 
iAiring  grinding 
Non-con  trolled  sources 
Total 

Impurity  recipient 

1 .  In  spongy  titanium 

2.  In  raugnesium  dichloride 
'£  o  tal 


2. 


3. 

4. 

5. 

6. 
7. 


0.001 

0.008 

0.003 

0.219 

0.002 

0.047 

0.044 

0.001 

0.001 

- 

0.078 

0.019 

0.026 

- 

0.060 

0.0.8 

0.187 

0.034 

0.670 

0.02b 

0. 966 

0.008 

0.104 

0.034 

0.670 

Sponge  Handling 

In  spite  of  measures  undertaken  to  prevent  titanium  contamina¬ 
tion  at  all  operations, there  are  carried  out  strong  measures 
at  all  subsequent  stages  of  mechanical  treatment  of  spongy  ti¬ 
tanium  blocks  right  up  to  completing  the  commercial  lots. 

At  the  manufacturing  plants,  occasioned  incidents  of  sponge 
oxydation  take  place  due  to  various  reasons,  they  are  usually 
associated  v/ith  the  stage  of  vacuum  separation  or  in  the  course 
of  mechanical  treatment  of  the  sponge.  In  order  to  exdude  such 
blocks  from  the  main  products, their  processing  is  completed  in 
a  separate  technological  stream  and  spongy  titanium  from  these 
blocks  nowhere  interacts  with  the  main  flow  of  high-quality 
products. 

In  the  main  flow, there  is  implemented  control  of  the  quality  of 
lump  material  at  each  stage  of  crushing  and  after  screening 
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classification  of  each  fraction  ia  conducted  separately,  The 
lumps  with  defects  and  all  suspect  lumps  are  extracted  by  their 
colour  attributes.  Classifying  is  cai'ried  out  by  hand  on  the 
belt  conveyers.  Selective  control  of  the  absence  of  lumps  with 
defects  is  performed  when  completing  the  coi.imercial  lot, Ho  one 
lump  with  a  defect  is  permitted  in  the  lot.  This  very  strict 
requirement  is  being  consistently  fulfilled. 

Summary 

At  every  plant,  as  a  result  of  long-term  development  and  impro¬ 
vement  of  production  and  control,  a  system  of  sponge  titanium 
quality  control  has  been  established  including  a  number  of  con¬ 
stituent  parts:  scheme  of  control,  testing  and  control  equip¬ 
ment,  staff  of  testing  laboratories,  technical  control  servi¬ 
ces,  worker  awareness  and  training,  responsibility  and  accoun¬ 
tability  for  control,  supervision  on  providing  the  quality, do¬ 
cuments  on  testing  and  control  of  the  initial  raw  material, 
technological  process  anu  commercial  products,  The  whole  sys¬ 
tem  is  directed  ut  meeting  the  requirements  of  state  standards 
and  technical  conditions  for  3pongy  titanium  supply,  during  the 
last  5  years  about  5000  t  of  spongy  titanium  the  quality  of 
which  corresponds  to  the  world  level,  were  supplied  to  various 
countries  of  the  world. 

i'he  available  practical  data  confirm  that  spongy  titanium  meets 
the  most  strong  requirements  to  the  charge  materials  used  in 
the  air-space  engineering,  i’he  industrial  production  of  spongy 
titanium  with  less  than  90  HB  hardness  was  developed  since  1974. 
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Abstract 

Surface  temperature  of  molten  titanium  and  temperature  of  titanium  vapor  in 
plasma  flame  were  measured  by  a  radiation  thermometer  and  a  spectroscope 
respectively.  Titanium  was  melted  by  Ar  arc  plasma  with  the  electric  power 
of  about  400W.  In  order  to  correct  measured  temperature,  emissivity  of  molten 
titanium  was  determined  from  temperatures  measured  by  a  radiation  thermometer 
and  a  thermocouple.  The  portion  above  2200K  in  temperature  was  limited  to 
the  area  where  plasma  flame  was  directly  irradiated.  The  temperature  of 
molten  part  except  the  near-top  was  constant,  around  melting  point  of  1940K. 
Temperature  of  titanium  vapor  was  approximately  6500K  near  the  cathode, 
and  5000K  at  1mm  above  titanium  surface. 


Introduction 


Thermal  plasma  has  been  used  for  melting  of  refractory  or  BCtive  metals, 
purifying  of  metals,  refining  of  metal  oxides  and  so  on.  These  plasma  processes 
include  interfacial  phenomena  between  thermal  plasma  and  condensed  phases. 
In  order  to  analyze  the  reaction  at  the  surface  of  condensed  phase 
thermodynamically,  temperatures  of  the  surface  and  evaporated  species  are 
required. 

Ishizuka  et  al.1'  showed  that  temperature  of  melt  was  about  2100K  and 
2300K  in  smelting  reduction  of  ilmenite  by  Ar-10%H2  and  Ar-20%H,  plasma 
respectively.  Long  et  air'  reported  that  temperature  of  melt  was  28731C  in 
carbothermic  reduction  of  titanium  oxide  by  Ar  plasma.  The  other  studies3'1  ' 
also  presented  that  temperatures  of  melts  were  2300K  to  2900K.  In  these 
measurements,  a  radiation  thermometer  or  a  pyrometer  were  employed.  When 
temperature  higher  than  2000K  are  measured  by  non-contact  type  thermometers, 
emissivity  of  bodies  are  prerequisite.  In  the  conventional  studies,  however, 
emissivity  was  not  discussed  sufficiently.  Many  studies3'-  '  on  emissivity  were 
performed  for  solid  metals  but  very  few  for  liquid  metals.  Emissivities  of 
liquid  metals  were  previously  reported  only  for  iron,  cobalt,  nickel,  chromium 
and  copper. 


Evaporated  species  in  plasma  flame  were  conventionally  analyzed  by  a 
spectroscope.  '  There,  however,  is  considerable  difference  among  plasma 

gas  temperatures  obtained  by  these  analyses.  For  example,  plasma  gas 
temperature  near  cathode  of  direct  current(DC)  argon  arc  plasma  was  reported 
to  be  10000K  to  25000K.  This  difference  is  considered  to  be  dependent  on 
experimental  conditions,  i.e.,  electric  power,  arc  length,  etc. 
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We  report  surface  temperature  and  vapor  temperature  of  titanium  melted 
by  DC  argon  arc  plasma.  Surface  temperture  of  molten  titanium  is  measured 
by  a  radiation  thermometer.  For  this  measurement,  emissivily  of  molten 
titanium  is  determined.  Temperature  of  titanium  vapor  is  determined  from  the 
intensity  of  spectral  line  of  titanium  vapor  measured  by  a  spectroscope. 


Experimental 

Melting  by  DC  arc  plasma 

A  DC  transfered  arc  plasma  generator  was  prepared,  in  which  tungsten 
rod  of  3mm  in  diameter  and  SOmm  in  length  was  used  as  cathode  and 
water-cooled  copper  plate  of  30mm  in  diameter  and  1mm  in  thickness  as 
anode,  as  shown  in  Figure  1.  The  chamber  was  made  of  cylindrical  transparent 
quartz  glass  of  SOmm  in  inner  diameter  and  250mm  in  length.  Argon,  which 
was  dehydrated  by  calcium  chloride,  and  silica  gel  was  introduced  into  the 
chamber  at  the  flow  rate  of  300m!/min. 

The  sample  was  a  titanium  cylinder,  about  3g  in  weight,  8mm  in 
diameter  and  13mm  in  height,  and  mounted  in  an  alumina  tube  on  copper 
plate.  The  alumina  tube  was  9mm  in  inner  diameter,  17mm  in  outer  diameter, 
and  8mm  in  height.  It  was  used  to  hold  the  shape  of  molten  titanium. 

A  radiation  thermometer  was  fixed  at  a  distance  of  10cm  from  the 
sample  and  a  thermocouple  in  a  glass  tube  was  fixed  horizontally  near  the 
sample. 

DC  voltage  of  about  115V  was  applied  between  electrodes.  DC  arc 
plasma  was  ignited  by  pilot  arc  sparked  from  the  cathode  tip  with  a  high 
frequency  starter.  Then  the  plasma  was  generated  between  the  tungsten  cathode 
and  the  titanium  sample.  While  the  plasma  irradiated  the  sample,  electric 
current  and  voltage  were  about  27A  and  15V  respectively  and  electric  power 
was  consequently  about  400W.  Arc  length  was  about  3mm. 


Figure  1.  Schematic  diagram  of  plasma  generator. 


Surface  temperature  measurement  of  molten  titanium 


After  confirming  that  the  plasma  flame  was  stable,  i.e. ,  arc  voltage  and 
current  were  constant,  surface  temperature  was  measured  by  a  radiation 

thermometer  in  the  wavelength  of  650nm.  The  radiation  thermometer  covered 
the  temperature  range  of  1173K  to  3273K  and  was  able  to  measure  the 

temperature  of  the  small  region  of  about  0.4mm  in  diameter. 

The  upper  half  of  the  titanium  sample  was  melted  and  became 

hemisphere-shaped,  as  shown  in  Figure  2.  In  the  figure,  d  and  A  9  are  the 

distance  and  the  angle  between  measuring  point  and  tne  top  of  molten  titanium 
respectively,  0  is  the  angle  between  bottom  of  molten  part  and  axis,  R  is 
the  radius  of  molten  part,  h  is  the  height  of  non-molten  part  and  r  is  the 
diameter  of  sample  before  melting.  The  top  sometimes  was  not  on  the  axis. 

In  order  to  measure  the  distribution  of  surface  temperature,  the  positions 
of  measuring  points  were  represented  by  A  9.  A  9  was  calculated  from  d  by 
the  use  of  equations  (1 ) — '(4)  shown  below. 


it  R3(2-3cos  <t>  +cos3  <t>  )/3 

(1) 

V0(l0-h)/lo 

(2) 

2Rsin  4> 

(3) 

2R2(1~cosA  6) 

(4) 

Here  V  is  volume  of  molten  part,  V0  and  I„  ate  volume  and  height  of 
sample  before  melting  respectively,  d  was  measured  by  the  use  of  the  circular 
mark  calibrated  by  a  scale  in  a  finder  of  the  radiation  thermometer. 


Figure  2.  Cross  section  of  melted  sample. 


Determination  of  emissivity  of  molten  titanium  surface 

Determination  of  the  emissivity  of  a  molten  titanium  surface  was 
performed  by  measuring  the  temperature  of  the  same  point  using  both  a 
radiation  thermometer  and  a  thermocouple.  Figure  3  schematically  shows  an 
apparatus  for  temperature  measurement  of  molten  titanium  surface  by  a 
thermocouple.  The  thermocouple  was  W*5Re-W’26Re  of  0.25mm  in  diameter 
and  could  measure  temperatures  below  2623K.  The  size  of  hot  junction  was 
about  1mm  In  diameter.  A  silica  tube  was  used  for  protection  and  Insulation 
of  the  thermocouple. 

Determination  of  emissivity  was  carried  out  at  a  point  of  solid  and 
liquid  coexsiting  zone,  which  was  not  directly  in  contact  with  plasma  flame. 
After  the  temperature  was  measured  by  the  radiation  thermometer,  the  hot 
junction  was  contacted  on  surface  at  the  same  point.  The  emissivity  (£)  can 
be  determined  by  substituting  the  two  temperatures  measured  by  the  two 
manners  into  the  equation  (5)  which  was  derived  from  Wien's  radiation 
equation. 
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l/T=l/S  +  (  A/c2)ln(£/£,)  (V. 

T  :  Temperature  measured  by  thermocouple(True  temperature) 

S  :  Temperature  measured  by  radiation  thermometer 

£ , :  Emissivity  used  for  the  measurement  by  a  radiation  thermometer 

£  :  Emissivity  of  surface 

A  :  Wavelength  for  measurement(650nm) 

c2  :  The  2nd  radiation  constant(1.4388  X  10"J  m*K) 


3.  Scheme  for  temperature  measurement 
of  molten  titanium  surface  by  a  ther¬ 
mocouple. 


Temperature  measurement  of  titanium  vapor  by  spectroscope 

Figure  4  shows  a  schematic  diagram  of  an  apparatus  for  spectroscopic 
analysis.  Spectroscopic  analysis  was  carried  out  throujh  the  window  of  30mm 
in  diameter.  A  titanium  sample  was  melted  by  Ar  arc  plasma.  By  the  use  of 
a  convex  lens  of  30mm  in  diameter  and  60mm  in  focal  distance,  an  image 
of  plasma  flame  enlarged  by  four  times  was  projected  on  a  screen  with  a 
pinhole  of  0.9mm  in  diameter.  Only  light  which  passed  through  the  pinhole 
was  analyzed  by  a  spectroscope.  The  wavelength  range  of  325nm  to  450nm 
was  used  for  analysis.  The  analysis  was  conducted  at  the  four  points  of  0.75, 
1.50,  2.25  and  3.00mm  in  distance  from  molten  titanium  surface  along  the 
plasma  flame  axis,  as  shown  in  Figure  5.  The  analyzing  point  was  chosen 
by  the  motion  of  convex  lens. 


The  temperature  of  titanium  vapor  can  be  determined  from  (he  intensity 
of  spectral  line  by  the  use  of  equation  (6)  shown  below. 

A  „/AIlnlgn)=(-5040/T)E„+Const.  (6) 

I.  :  Intensity  of  spectral  line  n 
An  :  Wavelength 

Anm  :  n-to-m  transition  probability 

gj,  :  Statistical  weight  of  excited  state  n 

T  :  Arc  temperature(vapor  temperature) 

E„  :  Excitation  energy 


If  the  local  thermal  equilibrium(LTE)  is  realized  in  the  plasma  flame, 
log(In  A  /An_gn)  is  linearly  proportional  to  E„  .  Temperature  of  the  titanium 
vapor  therefore  can  be  determined  from  the  slope  of  the  straight  line. 


Results 


Emissivity  of  molten  titanium 

The  surface  temperature  of  solid  and  liqu id  in  the  coexisting  zone  has 
been  measured  to  be  around  1830K  by  a  radiation  thermometer  and  1940K 
of  the  melting  point  by  a  thermocouple  respectively.  Because  the  temperature 
measured  by  a  thermocouple  is  considered  to  be  true  temperature,  emissivity 
has  been  calculated  by  using  equation  (5).  The  emissivity  of  molten  titanium 
is  determined  to  be  0.33. 
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Distribution  of  surface  temperature  of  molten  titanium 

Figure  6  shows  •  distribution  of  surfsce  temperature  of  molten  titanium. 
For  the  first  measurement,  the  value  of  0.6S  was  used  as  the  emissivily  of 
molten  titanium,  since  it  was  previously  reported.  '  Temperatures  were  output 
digitally  by  a  radiation  thermometer.  The  plots  in  Figure  6  represent 
temperatures  measured.  Different  marks  of  the  plots  mean  different  runs  to 
show  the  magnitude  of  the  reproducibility. 

The  measured  temperatures  have  been  corrected  by  using  0.33  as 
emissivity  on  the  basis  of  Wien's  radiation  equation.  The  corrected  temperatures 
are  represented  by  the  full  line  in  Figure  6. 


The  temperature  is  the  highest  at  the  top  of  the  molten  titanium  and 
goes  downward  steeply  from  the  top.  The  highest  temperature  is  approximately 
2800K.  Figure  7  schematically  shows  isotherms  on  the  sample  surface.  The 
portion  above  2200K  in  temperature  is  limited  to  the  area  where  plasma  flame 
is  directly  irradiated.  The  temperature  of  the  molten  part  except  the  near-top, 
Is  approximately  constant,  around  the  melting  point  of  1940K. 


Figure  6.  Distribution  of  surface  temprature  of  molten  titanium. 
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Figu 
titanium  si 

range  of  372.98nm  to  399.86nm.  The  good  linear  relationship  indicates  that 
LTE  is  realized  in  plasma  flame.  The  temperature  of  titanium  vapor  can  be 
determined  from  the  slope  of  the  straight  line.  Figure  9  showa  temperatures 
along  the  plasma  flame  axis  by  this  method.  The  full  line  represents  temperature 
distribution  of  titanium  vapor.  The  temperatures  are  ebout  6500K  end  5000K 
near  the  cathode  and  at  1mm  above  the  surface  of  molten  titanium,  respectively. 
The  surface  temperature  measured  by  a  radiation  thermometer  is  used  as  the 
temperature  on  the  surface(at  Omm). 


ff 


En(»V) 

Figure  8.  Relationship  between  intensity  of  spectral 
line  measured  and  excitation  energy. 


re  8  shows 
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a  relationship  between  log(I-An/A  gj  a 
.  The  measurement  was  carried  out  In  the 


nd  En  for 
wavelength 


Temperolure(K) 


Figure  9.  Temperature  distribution  of  titanium  vapor 
along  plasma  flame  axis. 
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Disscusion 


Dependence  of  emissivity  on  temperature 

Assuming  that  emissivity  of  molten  titanium  is  independent  of  temperature, 
all  temperatures  measured  have  been  corrected  by  use  of  0.33  as  emissivity. 
Figure  10  shows  the  c^tpendence  of  emissivity  of  iron,  cobalt,  nickel  and 
copper  on  temperature.  '  For  these  metals,  emissivity  is  almost  independent 
on  temperature.  It  therefore  can  be  considered  that  titanium  also  has  a  similar 
tendency.  This  consideration  suggests  that  the  assumption  is  valid. 


Temperature(K) 

Figure  10. Dependence  of  emissivity  of  liquid  iron,  cobalt, 
nickel  and  copper  on  temperature. 

Validity  of  temperature  of  titanium  vapor  In  thermal  plasma 

As  shown  in  Figure  9,  the  measured  temperatures  are  scattered.  The 
scatter  is  considered  to  result  from  the  fluctuation  of  the  plasma  flame  at 
the  cathode  tip. 

The  temperatures  of  6300K  to  3000K  obtained  by  the  present  experiment 
are  much  lower  than  those  of  above  10000K  obtained  in  previous  studies. 
Nevertheless,  the  temperatures  in  the  present  study  are  considered  to  be  valid 
because  the  electric  power  of  400W  is  much  smaller  than  that  of  a  few 
kilowatts  used  in  previous  studies. 


Conclusion 


Titanium  was  melted  by  DC  arc  plasma.  Surface  temperature  of  molten 
titanium  and  temperature  of  titanium  vapor  were  measured  by  a  radiation 
thermometer  and  a  spectroscope  respectively,  which  lead  to  the  following 
conclusions: 


1.  On  the  surface  of  molten  titanium,  steep  gradient  of  temperature  was 
formed.  The  temperature  at  the  molten  portion  where  the  plasma  flame 
was  directly  irradiated  was  higher  than  2200K.  The  temperature  of  molten 
part  which  was  not  in  direct  contact  with  the  plasma  flame  was 
approximately  constant,  around  melting  point  of  1940k. 

2.  LTE  was  realized  in  the  plasma  flame.  Temperatures  of  titanium  vapor 
were  about  6500K  and  5000K  near  the  cathode  and  at  1mm  above  the 
molten  titanium  surface,  respectively. 
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Abstract 

Positive  results  of  vacuum  arc  skull  melting  usage  in  pilot- 
scale  production  of  titanium  alloy  ingots  have  become  the  ba¬ 
sis  for  development  of  skull  furnaces  assuring  pouring  of  5 
tonne  titanium  melt.  Results  of  production  technology  develop¬ 
ment  aimed  at  improvement  of  ingot  quality,  guaranteed  elimi¬ 
nation  of  inclusion-type  defects  and  possibilities  for  effec¬ 
tive  usage  of  feed  materials  are  described  in  thiB  paper.  Addi 
tionally,  features  of  a  new  technique  of  Bkull  melting,  source 
material  composition,  types  of  recycling  scrap,  chemical  homo¬ 
geneity  of  melted  metal  and  thermal  conditions  of  melting  are 
also  disoussed.  The  position  of  this  new  technique  in  the  pro¬ 
cess  of  ingot  production  has  been  determined. 

Introduction 


Over  the  past  few  years,  the  specialists  engaged  in  melting  of 
titanium  alloy  ingots,  payed  their  attention  to  problems  of 
elimination  of  inclusion-type  defects  and  increasing  of  frac¬ 
tion  of  the  recycled  scrap.  These  problems  have  been  mainly 
solved  by  the  development  of  practices  of  melting  with  indi¬ 
rect  source  of  heating,  which  are  alternative  to  cold-mold  va¬ 
cuum  arc  consumable  electrode  melting  /I -4/.  Among  these  me¬ 
thods  the  most  developed  ones  are  the  following:  cold-hearth 
EBM  /2/  and  cold-hearth  FAM  /4/,  as  well  as  cold-mold  plasma 
arc  melting  of  charge  /I/.  From  our  point  of  view,  the  latter 
one  doesnot  provide  effective  elimination  of  inclusion-type 
defects. 

This  paper  is  focused  on  solution  of  the  above-mentioned  pro¬ 
blems  using  a  new  type  of  skull  melting  wherein  the  skull, 
formed  in  the  crucible,  can  be  used  as  consumable  electrode 
for  the  subsequent  melting.  In  the  laboratory  and  pilot-scale 
researches  carried  out  at  the  earlier  stage,  interconnection 
between  the  process  parameters  and  their  effects  on  ingot  qua¬ 
lity  and  technical-  and  economical  indexes  have  been  evaluated 
The  presented  results  of  the  investigation  on  commercial  ingot 
melting  by  the  above-mentioned  method  have  been  described. 
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Process  features 


Melting  of  4-5  t  ingots  was  carried  out  in  a  specially  desig¬ 
ned  skull  furnace  shown  in  Pig.  1. 


Pigure  1  -  Appearance  of  large-capacity 
skull  furnace. 

Melting  was  accomplished  by  direct-current  arc  in  the  metal 
crucible.  The  crucible  was  previously  charged  and  the  furnace 
was  evacuated  down  to  lO-^-IO"2  mm  Hg.  Then  the  electric  arc 
was  initiated  between  the  charge  and  the  consumable  electrode, 
i.e.  the  skull  of  the  previous  melting  carried  out  in  the  same 
crucible.  After  complete  melting  of  the  consumable  electrode 
the  melt  was  poured  out  into  the  mould  of  the  desired  form  and 
sizes. 

Charge  composition 

Using  this  furnace  production  lots  of  ingots  in  commercial  ti¬ 
tanium  and  titanium  alloy  of  Ti-6.5Al-2.5Mo-1.5Cr,  T1-6.5A1- 
3.5Mo,  Ti-6.5Al-3.5Mo-1.5Zr,  T1-6A1-3. 5Mo-1 ,5V,  Ti-5. 5Al-5Mo- 
5V-1Cr-1Pe  systems  have  been  produced.  Pig.  2  shows  one  of  the 
produced  ingots. 

The  content  of  recycled  scrap  and  primary  metals  in  the  charge 
was  determined  depending  on  requirements  to  alloy  to  be  melted 
as  well  as  the  purity  of  charge  material  additions.  Various  ty¬ 
pes  of  bulky  casting  recycled  scrap  (templetes,  pieces  of  in¬ 
gots,  "crowns"  etc.),  forge-  and  extrusion  scrap  (rejected  for- 
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gings,  waste  ends  of  extrusions, etc. ) ,  section  rolling  scrap 
(bar-stock  and  tube  chop  ends),  sheet  rolling  scrap  (side-  and 
flat  blanking  scrap)  and  chips  were  introduced  in  the  charge. 
Sizes  and  shapes  of  the  introduced  scrap  can  be  varied  in  a 
wide  range,  namely,  from  samples  fractured  after  mechanical 
tests  to  large-sized  scrap  with  linear  dimension  up  to  2  m. 

This  allows  use  of  most  of  the  types  of  the  scrap  without  frag¬ 
mentation  and  decreased  metal  losses  and  labour  input  in  pre¬ 
paration  of  the  scrap  for  recycling. 


Figure  2  -  Appearance  of  550  mm  dia  ingot 
produced  in  skull  furnace. 

As  a  rule,  scrap  of  the  same  grade  as  that  of  the  alloy  to  be 
melted  was  introduced  in  the  charge,  but  the  use  of  scrap  of 
other  alloys  is  possible  due  to  charge  dilution  or  alloy  com¬ 
pensation,  if  necessary.  As  primary  metals  magnesium  reduced 
titanium  sponge  of  ordinary  grade,  master  alloys  and  pure  al- 
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loy  additions  were  used.  Some  examples  of  charges  used  are 
shown  in  Table  1. 


Thermal  conditions 

The  most  important  parameter  of  melting  is  electric  arc  power 
which  is  chosen  to  compensate  for  thermal  losses  providing  at 
the  same  time  the  maintenance  of  prescribed  quantity  of  the 
melt  required  for  pouring.  The  thermal  prooess  of  melting  can 
be  schematically  devided  in  two-stages  -  unsteady  and  quasi¬ 
steady  ones.  The  initial  unsteady  stage  is  remarkable  for  in¬ 
crease  in  thermal  losses.  At  thiB  stage  the  metal  bath  is  for¬ 
med  by  melting  of  the  charge  placed  in  the  crucible  as  well  as 
by  increase  in  the  melt  quantity  entering  into  the  bath  due  to 
melting  of  the  consumable  electrode.  At  the  second  quasi-stea¬ 
dy  stage  of  melting  the  thermal  loss  rate  is  stabilized  and 
raises  insignificantly  with  increasing  melting  time. 

At  this  stage,  the  liquid  metal  bath  in  the  crucuble  is  com¬ 
pletely  formed.  By  modifying  melting  parameters,  one  can 
choose  time  for  each  stage  of  melting  to  achieve  desired  re¬ 
sults.  When  melting  commercial  titanium  alloyB,  the  second 
stage  of  melting  is  absent  in  most  oases.  The  plot  on  relative 
coordinates  shown  in  Pig.  3  demonstrates  the  thermal  losses 


Pigure  3  -  Curve  of  crucible  thermal  losses 
plotted  against  average  (K)  input 
power  (Ni/n,  %)  depending  on 
melting  time 

Chemical  homogeneity 

The  ingots  produced  show  a  high  chemical  homogeneity  sinoe  all 
volume  of  the  metal  in  the  mould  is  in  melted  state  before  pou¬ 
ring  and  there  is  enough  time  for  diffusion  processes.  As  an 
example,  results  of  analysis  of  changes  in  alloying  element 
content  through  the  bulk  of  the  ingot  are  given  in  Pig.  4. 

The  acceptable  level  of  chemical  homogeneity  of  ingots  pro¬ 
duced  during  skull  melting  is  confirmed  by  the  results  of 


TABLE  1  -  INITIAL  MATERIAL  COMPOSITION 
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statistical  processing  of  current  analysis  data  for  ingot 
lots.  These  results  compared  to  those  obtained  during  statis¬ 
tical  processing  of  analysis  data  for  ingots  produced  by 
double  vacuum  arc  melting  of  consumable  electrode  are  shown 
in  Table  2. 


a.  mass.  %  b. 


Figure  4  -  Distribution  of  A1  and  Cr  contents 
in  Ti-6.5Al-2.5Uo-1.5Cr  ingot  (a), 
and  A1  and  Uo  contents  in  T1-6.5A1- 
3.5Mo  ingot  (b):  •  middle  of  ingot; 

O  ingot  bottom. 

Conditions  of  skull  melting  as  well  as  cold  hearth  melting  al¬ 
low  one  to  keep  ingots  free  from  particles  with  higher  density 
and  melting  temperature  than  those  of  base  metal.  These  par¬ 
ticles  are  trapped  in  the  skull  and  so  their  presence  in  in¬ 
gots  can  be  avoided.  This  fact  can  be  confirmed  by  a  wide  ex¬ 
perience  in  melting  of  thousands  tonnes  of  metal.  Neither  in 
ingots  nor  in  semis  produced  from  these  ingots,  such  inclu¬ 
sions  were  detected  after  strict  testing. 

As  compared  to  cold  hearth  melting  with  indirect  source  of 
heating,  skull  melting  technique  developed  provides  the  fol¬ 
lowing  advantages: 

-  higher  chemical  homogeneity  of  metal; 

-  the  use  of  large-  and  small-sized  scrap  results  in  lowering 
of  labour  input  and  metal  losses  during  charge  preparation; 
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TABLE  II  -  RESULTS  OP  STATISTICAL  PROCESSING  OF  CHEMICAL 
ANALYSIS  DATA  OP  LOTS  OP  Ti-6.5AI-2.5Mo-1.5Cr 
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-  the  possibility  of  melting  in  a  wide  range  of  vapour  and  gaB 
pressure  in  the  melting  zone; 

-  the  simplicity  of  melting  units  and  techniques  ensuring  lo¬ 
wering  of  capital  investments  and  improved  reliability. 

SnmmAT*v 

The  existing  development  level  of  this  skull  melting  techni¬ 
que  and  accumulated  experience  in  ingot  production  both  for 
critical  parts  (disks  and  blades  for  aircraft  engines,  highly 
loaded  components  of  aircraft  etc.)  and  for  standard  quality 
parts  when  using  charge  with  40-60  %  recirculating  scrap  al¬ 
low  one  to  consider  this  technique  to  be  the  most  effective 
one  for  primary  melting.  Remelting  of  skull  melting  ingots 
carried  out  in  vacuum  arc  furnace  equipped  with  the  mold  as¬ 
sures  production  of  sound  ingots  with  acceptable  macrostruc- 
ture. 


The  skull  melting  procedure  developed  is  the  most  effective 
for  production  of  Ti-base  high  alloyB  with  refractory  metal 
additions.  A  great  experience  in  production  of  titanium  al¬ 
loys  containing  Mo,  Nb  and  W  introduced  in  the  charge  as  pure 
elements,  but  not  as  components  of  alloying  composition,  has 
shown  that  the  skull  melting  can  assure  homogeneous  chemical 
composition  of  metal  and  production  of  inclusion-free  ingots. 
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OXYGEN  CONTAMINATION  OF  TITANIUM  SPONGE 


IN  THE  KROLL-PROCESS 


S. V. Aleksandrovsky ,  A. A.Zakharevich,  A.I.Guliakin 
Mining  Institute,  St. Petersburg,  Russia 


Abstract 


Behaviour  of  oxygen  in  Kroll-process  was  investigated  at  a  plant  scale  with 
the  use  of  stable  isotope  180.  It  was  shown  that  the  percent  of  the  oxygen, 
from  each  source,  passing  into  titanium  sponge  from  oxygenous  compounds  is 
approximately  the  following  for  each  of  raw  materials:  titanium  tetrachlori- 
de-80,  magnesium-30,  circulating  condensate-40.  More  than  13,7%  of  oxygen 
entering  reactor  with  all  the  sources  is  removed  with  discharged  magnesium 
chloride,  mainly  in  the  first  half  of  the  process.  Absorption  of  water  va¬ 
pour  and  oxygen  by  the  surface  of  titanium  sponge  while  block  dressing 
leads  to  increase  of  titanium  hardness  by  2-10  HB. 


Introduction 


Oxygen  is  known  to  be  one  of  the  most  harmful  impurities  decreasing  the  qua¬ 
lity  of  titanium  sponge  and  articles  made  of  it.  Interaction  between  titani¬ 
um  and  oxygen  or  oxygenous  impurities  is  determined  by  high  chemical  affi¬ 
nity  of  titanium  for  oxygen.  Thermodynamic  calculations  show  high  probabili¬ 
ty  of  the  reactions  between  titanium  or  magnesium  oxides  and  titanium  with 
formation  of  solid  solutions  of  oxygen  in  titanium,  containing  up  to  0,1  % 
of  oxygen.  According  to  material  balance  of  main  impurities  in  Kroll-process 
30-40  %  of  the  oxygen  sources  are  unaccounted  for.  We  have  investigated  be¬ 
haviour  of  oxygen  during  all  the  stages  of  Kroll-process  at  a  plant  scale. 

In  order  to  differentiate  the  role  of  each  source  of  oxygen  stable  isotope 
1*0  in  the  form  of  gas  or  water  was  used. 

Experimental  Procedures 

Oxygen  isotope  in  the  form  of  heavyoxygen  water  was  introduced  into  titanium 
tetrachloride  and  metallic  magnesium  by  bubbling  or  dispersed  inside  the 
reactor  containing  circulating  condensate.  To  determine  the  extent  of  conta¬ 
mination  of  titanium  sponge  by  oxygen  while  processing  sponge  block  into  fi¬ 
nal  product  we  have  investigated  interaction  of  vaporous  H21®0  or  gaseous 
'®0j  with  metallic  titanium  having  oxidized  ("passive")  and  unoxidized  ("ac¬ 
tive")  surface.  To  control  behaviour  of  oxygen,  samples  of  raw  titanium 
tetrachloride  and  metallic  magnesium,  titanium  sponge,  discharged  magnesium 
chloride  and  reaction  mass  were  taken.  Samples  were  analysed  for  total  and 
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stable  isotope  l80  content.  From  results  obtained  the  quantities  of  absorbed 
oxygen  were  calculated.  The  sensitivity  of  180  analysis  was  5*10‘6  %. 

Results 


Oxygen  from  Titanium  Tetrachloride 

Studies  of  behaviour  of  oxygen,  introduced  with  titanium  tetrachloride,  show 
that  an  increased  content  of  '“0  has  been  observed  in  local  samples  from  up¬ 
per  and  lower  parts  of  titanium  sponge  block  and  the  lowest  content  -  in  the 
centre  of  the  block  (Figure  1 , A) .  l80  content  in  discharged  magnesium  chlo¬ 
ride  is  approximately  invariant  in  first  discharges  and  decreases  sharply 
after  the  eighth  discharge  (Figure  2). 


Figure  1  -  Distribution  of  absorbed  180*10u  %,  in  titanium  sponge 
block  obtained  with  the  use  of:  A-titanium  tetrachloride, contaminated  with 
l80;  B-magnesium,  contaminated  with  18  0. 


Figure  2  -  Content  of  ,80  in  magnesium  chloride  discharges. 
A  -  titanium  tetrachloride  contains  ’®0; 

B  -  circulating  condensate  contains  180. 


The  balance  of  in  reduction  products  shows  that  major  part  of  oxygen 
from  titanium  tetrachloride,  contained  in  the  form  of  oxichloride,  passes 
into  titanium  sponge  (Table  I).  Moreover  up  to  60  %  of  pass  into  the 
central  part  of  block  and  nearly  12  %  -  into  gamissage.  About  14  %  of  oxy¬ 
gen  is  removed  with  discharging  magnesium  chloride.  Some  part  of  180  passes 
into  metallic  magnesium  and  magnesium  chloride  remaining  in  the  reaction 
mass  and  then  passing  to  circulating  condensate. 

Table  I  Distribution  of  ,80  in  the  products  of  magnesiumthermic  reduction 
of  titanium  tetrachloride 


Distribution  of  180  %,  passed  from 

Reduction  product 

Titanium 

Circulating 

Metallic 

tetrachloride 

condensate 

magnesium 

Titanium  sponge, 

including: 

central  part  of  the 

80,8 

40,0 

33,0 

block  +12-70  ran 
central  part  of  the 

56,4 

15,0 

7,0 

block  +0-12  ran 

2,4 

1,5 

6,8 

2,5 

gamissage 

12,4 

5,5 

ground  film 

3,4 

9,3 

9,8 

first  layer  of 
bottom  part 

3,4 

4,2 

6,9 

second  layer  of 
bottom  part 

2,8 

3,2 

1,3 

Magnesium  chloride 

13,7 

55,6 

including: 

1-8  discharges 

11,5 

51,3 

9-17  discharges 

2,2 

4,3 

67,0 

Circulating  condensate 

5,5 

4,4 

including: 
magnesium  chloride 

1,0 

3,0 

metallic  magnesium 

4,5 

1,4 

Oxygen  from  Magnesium 


Oxide  compounds,  entering  the  reduction  apparatus  with  metallic  magnesium 
are  concentrated  in  upper  part  of  molten  magnesium  or  precipitated  in  its 
bottom  after  one  hour  of  holding  (Table  II).  When  first  portions  of  TiCl4 
are  charged  the  distribution  of  180  alters  sharply:  oxygen  content  decreases 
sharply  in  the  upper  part  of  the  bath  and  increases  in  its  central  part. 
After  10  %  consumption  of  magnesium  oxygen  content  in  molten  magnesium  de¬ 
creases,  but  magnesium  is  not  completely  refined  of  its  oxygen  content  by 
the  first  portions  of  titanium  sponge  produced. 

About  33  %  of  80  passes  into  titaniim  sponge  from  metallic  magnesiun.  More¬ 
over  analysis  of  local  samples  of  titanium  sponge  (Figure  I,B)  shows  that 
the  maximum  content  of  180  has  been  observed  in  ground  film  and  first  layers 
of  the  bottom  part.  High  content  of  '80  is  also  observed  in  the  next  layers 
of  bottom  part  and  gamissage.  Some  quantity  of  180  is  also  contained  in 
the  central  part  of  the  block. 


Table  II  Content  of  180*108  %,in  magnesium  bath  before  and  in  the  oource  of 
process 


Part  of  the  bath 

After 

holding 

After  5  % 
consumption 
of  magnesium 

After  10  % 
consumption 
of  magnesium 

Top 

“,0 

0,9 

0,3 

Middle 

1,1 

3,3 

2,6 

Bottom 

3,0 

“ 

Oxygen  from  Recirculated  Condencate 

When  heavyoxygen  water  is  introduced  in  circulating  condensate  the  180  dis¬ 
tribution  in  titanium  sponge  block  is  about  the  same  as  in  the  case  of  conta¬ 
mination  of  raw  metallic  magnesium.  '°0  distribution  balance  shows  that 
about  40  %  of  i8o  pass  into  titanium  sponge  and  the  major  part  is  removed 
with  discharged  magnesium  chloride  (see  Table  I). 

Oxygen  from  Absorption 

In  absorption  investigations  we  distinguished  two  types  of  titanium  sponge 
surface:  unoxidized  "active",  which  exists  just  after  apparatus  dismantling 
and  partly  while  block  crushing,  and  oxidized  "passive",  which  exists  while 
further  block  dressing  (sorting,  sets  collecting  etc. ). Studies  of  moistening 
of  titanium  sponge  show  that  metallic  titanium  with  "active"  surface  absorbs 
6-10  times  more  '°0  than  titanium  with  "passive"  surface  (Table  III).  Vacuum 
drying  of  titanium  sponge  allows  the  removal  of  80  %  of  absorbed  moisture. 
Experiments  carried  out  with  the  use  of  gaseous  180  show  that  annealed  tita¬ 
nium  sponge  absorbs  12— 18 "lO- ^  %  of  oxygen  so  up  to  3-4  molecular  layers  of 
oxygen  has  been  absorbed  on  its  surface.  It  was  also  shown  that  intensity 
of  moistening  depends  on  absolute  humidity  of  air,  structure  of  titanium 
sponge,  duration  of  the  process  and  temperature  gradient  between  metal  and 
environment.  So  titanium  sponge  during  contact  with  humid  air  absorbs  consi¬ 
derable  quantity  of  oxygen,  sufficient  for  hardness  increase  by  2-10  HB. 
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Table  III  Absorbed  oxygen  content,  *10  %,  depending  on  temperature  of  drying 


iperature 

°C 

Titanium  sponge 
with  "passive"  surface 

Titanium  sponge 
with  "active"  surface 

20 

0,4 

6,1 

50 

0,4 

4,1 

75 

0,5 

2,8 

100 

0,5 

7, a 

125 

1,1 

11,8 

Discussion 

Forming  magnesium  chloride  and  structure  of  titanium  sponge  block  play  sig¬ 
nificant  role  in  distribution  of  180  in  reduction  products.  Oxide  compounds 
from  raw  metallic  magnesium  at  the  initial  stages  of  the  process  react  with 
the  first  portions  of  titanium  sponge  and  precipitate  on  the  bottom  (in  the 
form  of  ground  film  and  first  layer  of  bottom  part)  and  on  the  walls  (in  the 

W 


form  of  gamissage)  of  reactor.  When  next  portions  of  titaniun  tetrachloride 
are  charged,  the  bottom  depositions  are  stirred  up  because  of  the  increased 
temperature  gradient  and  physical  disturbances.  As  a  result  oxide  compounds 
are  transported  to  the  central  zone  by  circulating  flows  of  melt,  provoding 
contamination  of  the  central  part  of  titaniun  sponge  block.  The  major  part 
of  oxide  compounds  from  magnesiun  is  removed  with  discharged  salt  at  the 
initial  stages  of  the  process.  But  then  the  forming  block  of  titaniun  sponge 
overlaps  all  the  cross-section  of  the  reactor  and  acts  as  n  filter.  From 
this  time  content  in  discharged  magnesiun  chloride  decreases  sharply. 
Oxygenous  compounds  continuously  entering  the  reactor  as  a  part  of  raw  tita¬ 
nium  tetrachloride  preferably  contaminate  the  titanium  sponge  and  partly 
pass  into  magnesium  chloride  and  metallic  magnesium.  During  the  circulation 
in  reduction  apparatus,  magnesium  chloride  washs  titanium  sponge  block,  wets 
oxide  compounds  and  removes  them  from  the  central  zone  of  reactor.  So  upper 
part  of  the  block  and  gamissage,  in  contact  with  surplus  magnesium  chloride 
lesr  than  central  part  of  the  block,  contain  more  oxygen.  At  the  initial 
stages  of  process  oxygenous  compounds,  unabsorbed  by  titanium  sponge,  are 
just,  completely  removed  from  reactor  with  discharged  salt.  As  mentioned 
above,  after  eighth  discharge  forming  block  of  titanium  sponge  overlaps  all 
the  cross-section  of  the  reactor  and  prevents  removal  of  oxygenous  compounds 
with  discharged  magnesium  chloride.  As  a  result,  lower  layers  of  titanium 
sponge  block  are  contaminated  with  ^0.  So  the  main  sources  of  oxygen  conta¬ 
mination  of  titanium  sponge  in  Kroll-process  are  raw  titanium  tetrachloride 
(up  to  80  %  of  the  180  TiClij  in  the  form  of  oxichloride  pass  into  sponge) 
and  to  a  lesser  extent-metallic  magnesium  and  circulating  condensate  (from 
30  to  40  %  of  oxide  compounds  pass  into  the  sponge).  Irrespective  of  source 
of  oxygenous  impurities,  their  behaviour  in  the  Kroll-process  may  be  consi¬ 
dered  approximately  identical.  The  positive  role  of  magnesium  chloride  is 
worthy  of  note,  removing  more  than  15  %  of  oxygen,  entering  reactor  from  all 
the  sources.  Contact  of  produced  titaniun  sponge  with  humid  air  as  well  as 
with  oxygen  cf  air  while  block  dressing  leads  to  absorption  of  both  water 
vapour  and  oxygen  by  sponge  surface  up  to  several  molecular  layers.  As  a  re¬ 
sult  final  titanium  hardness  may  increase  by  2-10  HB. 
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ARC-SLAG  REMELTING  OF  TITANIUM  AND 


TITANIUM  ALLOYS 


B.  E.  Paton,  B.  I.  Medovar,  V.  Ya.  Stanko,  B.  B.  Fedorovakii 
L.  B.  Madovar,  V.  V.  Shapalav,  V.  A.  Riabinin,  J.  J.  Shutay,  Sr. 

E.  O.  Paton  Elactric  Welding  Inatituta  -  Kiev,  Ukraine 
Shaata  Inc.  -  Coraopoiia,  Pennsylvania,  USA 


The  Arc  Slag  Remelting  (ASR)  of  titanium  and  titanium  alloys  has  great 
prospects  being  a  more  flexible  and  lass  expensive  process  giving  the 
possibility  to  manufacture  slabs  with  smooth  surface  for  commercial  purity 
titanium  production. 


Titanium  (we  mean  by  this  word  not  only  titanium,  but  all  the  alloys  on  its 
basa),  the  former  structural  material  for  aerospace  industry,  turns  before 
our  eyes  into  a  metal  of  civil  application.  This  becomes  possible  just 
with  the  end  of  the  cold  war  when  two  super  powerful  states,  armed  to  the 
teeth,  stopped  their  withstanding.  The  Soviet  Union,  one  of  these  super 
powers,  ceased  to  exist  after  the  August  rsvolution  in  1991  (known  in  the 
West  as  the  second  Russian  revolution. )  New  sovereign  states  appeared  on 
the  ruins  of  the  former  great  country.  The  Ukraine  is  one  among  them,  and 
we  are  glad  to  represent  it  here  together  with  our  American  friends  from 
our  joint  American-Ukrainian  company  "Shasta-Paton"  in  Pennsylvania. 

The  fact  that  titanium  acquires  a  civil  appearance  permits  us  to  take  a  new 
glance  at  the  whole  structure  of  the  titanium  industry.  The  highest  and 
very  strict  requirements  produced  to  titanium  by  creators  of  aerospace 
engineering,  military  shipbuilding,  armament,  ammunition  and  other  military 
products  are  sufficiently  justified  even  today.  But  these  requirements  can 
be  considerably  relaxed  if  titanium  is  used  now  primarily  for  the  creation 
of  different  civil  engineering  installations,  various  civil  constructions, 
bicyclss,  cars  and  other  peaceful  products.  Taking  this  into 
consideration,  we  should  do  everything  to  make  titanium  and  its  alloys 
cheaper  and  quite  competitive  in  comparison  with  stainless  nickel 
containing  steels  and  alloys.  The  way  to  reduce  the  price  lies  in  the 
simplifying  of  the  technology.  The  substitution  of  the  expensive  vacuum 
units  for  titanium  melting  by  less  expensive  units  using  a  neutral  gas, 
such  as  argon,  is  one  way  to  produce  titanium  with  lower  production  costs. 
We  suppose  not  all  the  participants  of  this  forum  are  aware  that  the 
Ukraine  has  a  great  store  of  titanium  raw  materials  and  a  titanium  industry 
as  well.  This  industry  has  survived  the  period  of  rapid  development  and 
reconstruction  of  the  industrial  works  on  the  basis  of  the  newest 
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technologies.  Tha  quaation  ia  in  the  whola  production  cycle,  atarting  from 
the  mining  and  aaparation  of  raw  matariala,  titanium  eponga  production  and 
finishing  with  ready-mada  products  aa  in  roiling  stock,  tubes,  forgings, 
stamps,  castings  and  walded  structuras. 

In  our  young  indapendant  Ukrainian  Stata,  E.  0.  Paton  Electric  Welding 
Institute  has  been  around  for  more  than  a  half  a  century.  We  are  very 
confident  that  most  of  those  present  in  this  hall  can  associate  the  name  of 
Paton  Institute  first  with  welding.  The  military  power  of  the  former  super 
state  could  not  have  bean  achieved  without  welding  of  titanium  and  ita 
alloys.  The  technologies  that  were  created  in  tha  Ukraine  are  submerged 
arc  welding  under  oxygen  free  flux  and  electroslag  welding.  In  addition, 
the  mighty  atomic  submarines  would  not  have  bean  built  if  wa  had  not 
learned  in  due  course  to  weld  between  each  one  run  cast  propeller  blades  of 
several  hundred  millimeters  thickness  by  electroslag  welding.  But  today 
the  world  does  not  know  that  a  quarter  of  a  century  ago  the  commercial 
technology  of  electroslag  remelting  (ESR)  of  titanium  and  its  alloys  was 
developed  at  Paton  Institute.  Unfortunately,  due  to  rather  political  than 
technical  reasons,  ESR  of  titanium  did  not  get  sufficient  applications. 

In  this  way  it  was  opposed  by  the  vacuum  arc  remelting  (VAR).  The 
opponents  of  ESR  had  two  main  reasons  against  its  application  in  titanium 
production)  an  insufficiently  high  level  of  metal  refining  and  high 
specific  power  consumption  in  comparison  with  VAR. 

The  years  passed,  but  ESR  technology  was  not  stagnant.  Today  it  is  proven 
that  the  quality  of  ESR  titanium  and  the  power  consumption  can  be  compared 
to  tha  reaulta  achieved  with  VAR.  Under  these  conditions  such  undoubted 
advantage  of  ESR  over  VAR  aa  an  excellent  ingot  aurfaca  that  does  not 
require  roughing  or  burning-off  before  further  process  stage  as  rolling, 
pressing,  extrusion,  piercing,  forging  -  came  to  the  forefront. 

Another  important  advantage  of  ESR  is  the  possibility  of  obtaining  ingots 
of  any  cross-section  and,  primarily,  rectangular  ingots,  i.e.  slabs  for 
sheet  rolling  mills  without  obligatory  roughing  up  of  VAR  ingots  having 
round  cross-sections. 

Today  we  would  like  to  attract  your  attention  to  our  completely  new 
development  -  Arc-Slag  Remelting  of  titanium  and  its  alloys.  From  the  name 
itself  it  is  obvious  that  we  speak  about  a  combined  process  using  two 
heating  sources  -  electric  arc  and  liquid  electrically  conductive  slag. 

Tha  most  important  features  of  this  new  process  are  higher  quality  of  the 
remelted  metal  than  with  conventional  ESR  ,  2-3  times  lower  specific  slag 
consumption,  more  than  twice  lower  specific  electric  power  consumption  and 
also  the  possibility  to  use  low  frequency  current  and  direct  current  along 
with  the  alternating  current  of  standard  frequency. 

The  last  feature  has  a  decisive  meaning  for  the  rapid  growth  of  a  new, 
highly  efficient  technology,  as  it  can  be  realised  practically  in  each  VAR 
furnace  without  alterations. 

For  the  audience's  convenience,  several  figures  and  tables  explaining  the 
main  ideas  of  this  report  are  given  below. 

He  invite  everybody  to  visit  us  here  in  America.  He  also  invite  potential 
investors  to  the  Ukraine  to  develop  the  titanium  industry  of  our  young  and 
completely  independent  etate. 
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Tig.  1.  Titanium  Industry  of  tba  Ukraina. 

PfI-I.O.Paton  Slectric  Welding  Institute,  Kiev 
EM-tltanium  raw  material .VerknnedneproTSk 
S-  titanium  sponge ,  Zaporozhie 
I-  V1B,ASB,P1B,EER  titanium  ingot  of  Tacuum-arc 
arc-slag, plasma-arc, electrons  beam  rsmslting 
Zaporozhie 

E-  titanium  sheet  rolling  stock,  Alcherak,  Ma¬ 
riupol 

T-  titanium  tubes,  Kickopcl 

C-  titanium  oastinga,  Parlograd,  Zaporozhie 


Tig. 2.  Schama  of  titanium  and  its  alloy  ingot  malting 
in  Tacuua-arc  (VIE),  elactroalag  (ESS)  and 
are-alag  furnacea  (ASS). 


Fig.  3.  Surface  of  ASR  titanium  ingot. 


?.<3* 


Fig.  4.  i'.ac restructure  of  ASE  titanium  ingot. 
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ELECTROWINNING  OF  TITANIUM  FROM  SULFURIC  ACID  TITANIUM  SOLUTIONS 


Sandra  L.  Bribiesca,  Eugenia  S.  Contreras,  Francisco  J.  Tavera 

Instituto  de  Investigaciones  MetalGrgicas. 

Universidad  Michoacana  de  San  NicolSs  de  Hidalgo. 
Morelia,  Mich.,  58000,  MSxico. 

ABSTRACT 

Electrowinning  of  titanium  from  sulfuric  acid  titanium  solu 

tions  has  been  studied  at  temperatures  between  298  and  3»3  K,  — 

sulfuric  and  concentrations  between  0.5  and  3.0  M  and  current  — 

2 

density  between  500  and  700  A/m  .  Experiments  have  shown  that  ti 
tanium  can  be  efficiently  recovered  on  the  cathode  however,  the- 
recovery  efficiency  is  decreased  by  iron  dissolved  in  the  elec — 
trolyte.  Acid  concentrations  and  higher  current  densities  were — 
found  to  dissolve  the  stainless  steel  anode.  Thereby  increasing- 
the  electrolyte  iron  content.  Apparent  activation  energy  has  — 
been  estimated  in  26.8  KJ/mole. 

INTRODUCTION 

Hidrometallurgy ,  as  it  applies  for  extraction  of  primary  ma 
terials  from  their  natural  resources,  becaming  important  as  a  re 
suit  of  control  over  environmental  pollution. 

The  main  disadvantage  of  hydrometallurgical  processes  is  the  - 

high  cost  in  terms  of  energy  requirements  and  the  relatively  - 

long  term  for  process  operation. 

The  present  work  is  carried  out  in  order  to  study  the  electrowi¬ 
nning  of  titanium  from  weak  sulfuric  and  leaching  solutions  un — 
der  high  current  densitie,  and  controlled  temperature  and  acid  - 
concentration  conditions. 


EXPERIMENTAL 

Experimental  materials  were  prepared  by  means  of  chemical  - 
reagents.  Sulfuric  acid  solutions  were  prepared  to  give  the  desi. 
red  acid  concentration,  i.e.  0.5,  1.0,  2.0  and  3.0  M.  Titanium  - 
was  added  to  the  experimental  solutions  in  such  ammount  to  give- 
a  concentration  equivalent  to  3  Kg/m^. 
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The  electrowinning  wxperiments  were  carried  out  in  a  temperature 

controlled  electrolitic  cell  with  stainless  anode-cathode  pair.- 

Current  density  values  were  fixed  at  values  of  500,  600  and  700- 
2 

A/m  .  The  anode-cathode  apacing  was  cm. 

The  experiment  was  followed  by  taking  samples  of  electrolyte  to- 
analyse  the  titanium  concentration  at  given  periods  of  time. 

RESULTS  AND  DISCUSSION 

In  the  present  work,  experiments  consisted  essentially  of  - 
passing  an  electric  current  through  an  electrolytic  cell  which  - 
contains  a  sulfuric  acid-titanium  solution  to  deposit  titanium  - 
on  a  stainless  steel  cathode  under  constant  current  density.  The 
kinetics  of  the  reaction  system  is  followed  by  taking  electroly¬ 
te  samples  at  given  periods  of  time  in  order  to  be  chemically  a- 
nalyzed. 

Figure  1  shows  the  experimental  points  and  the  best  fit  lines  in 

this  work,  as  the  fraction  of  electrowon  titanium  as  a  function- 

of  the  experimental  time  for  different  current  density  values  — 

which  are  imposed.  It  has  been  observed  that  the  deposit  rate  de 

2  “ 

creases  markedly  as  current  density  is  increased  from  500  A/m  - 
2 

to  700  A/m  which  is  not  in  according  with  such  an  expected  beha 
viour.  During  the  electrowinning  process,  the  stainless  steel  a- 
node  dissolves  into  the  aqueous  phase,  and  the  anode  components- 
in  solution  increase  their  concentration  as  time  runs  and  as  cu¬ 
rrent  density  value  is  increased.  Thus,  this  peculiar  electrowi¬ 
nning  behaviour  in  terms  of  the  titanium  recovery  on  the  cathode 

can  be  related  to  the  increase  in  the  resistance  to  titanium  - 

transport  to  reach  the  cathode  as  iron  and  other  anode  component 
concentration  increases  in  the  electrolyte. 

Figure  2  shows  the  observed  behaviour  of  titanium  during  its  e — 
lectrowinning  under  different  sulfuric  acid  concentrations  of  e- 
lectrolyte.  In  general,  the  experimental  results  have  shown  that 

the  rate  of  titanium  recovery  decreases  as  the  acid  concentra - 

tion  increases.  This  fact  is  consistent  with  the  transport  resis 

tance  increase  as  acid  concentration  in  the  electrolyte  is  in - 

creased. 

These  experimental  data  suggest  that  the  rate  of  titanium  recove 
ry  on  the  cathode  increases  to  a  maximum  value  and  then  it  de¬ 
creased  as  acid  concentration  increases  as  a  result  of  the  compe 
tition  between  conductance  and  resistance  of  the  electrolyte. 

?.M0 
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in  K  (I, MIN) 


This  behaviour  can  be  seen  in  Figure  3,  where  the  rate  of  tita — 
nium  recovery  is  plotted  as  a  function  of  the  electrolyte  acid  - 
concentration.  This  behaviour  is  much  more  clear  as  the  current- 
density  decreases  due  to  the  much  lower  anode  dissolution. 

The  experimental  results  have  shown  that  under  the  present  pro — 
cess  condition  the  system  is  not  very  sensitive  to  temperature. 
Figure  4  shows  the  experimental  results  plotted  as  the  fraction- 
of  recovered  titanium  on  cathode  for  each  experimental  temperatu 
re  as  a  function  of  the  experimental  time.  It  can  be  seen  that  - 

the  general  behaviour  of  the  reaction  system  shows  that  the  a - 

mount  of  titanium  on  cathode  increases  as  temperature  is  decrea¬ 
sed.  From  the  experimental  measurements  the  rate  of  titanium  re¬ 
covery  is  plotted  in  Figure  5  as  the  Arrhenius  relationship.  The 
apparent  activation  energy  of  the  process  is  estimated  in  26.8  - 
KJ/mole . 


CONCLUSIONS 

Electrowinning  of  titanium  at  temperatures  between  298  and- 

2 

343  K,  sulfuric  acid  concentrations  between  500  and  700  A/m  has 

shown  the  following: 

(1)  The  rate  of  titanium  recovery  on  cathode  increases  with  de — 
creasing  current  density  and  acid  concentration  due  to  the  - 
decrease  in  iron  concentration  in  electrolytes. 

(2)  The  rate  of  titanium  recovery  on  cathode  increase  with  in - 

creasing  temperature  from  298  to  343  K. 

(3)  Apparent  activation  energy  for  titanium  recovery  on  cathode- 
has  been  estimated  in  26.8  KJ/mole. 

(4)  The  experimental  observations  suggest  that  in  order  to  avoid 
poisonning  the  electrolyte  it  is  required  to  use  inert  ano — 
des,  i.e.  antimonial  lead. 
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CHARACTERISTICS  OF  NIOBIUM-ALUMINUM  MASTER  ALLOY 


FOR  PRODUCTION  OF  ADVANCED  TITANIUM  ALLOYS 


Edvard  A.  Lorla 

Niobium  Product!  Company  Inc. 
Pittsburgh,  Pennsylvania 
A  Subsidiary  of  CBKM,  Sio  Paulo,  Brazil 


As  a  master  alloy  for  niobium  bearing  titanium  alumlnldes  and  other 
advanced  titanium  alloys,  the  alumlnothermlc  reduction  (ATR)  of  hlgh-purlty 
niobium  oxide  to  nominal  70Nb-30Al  has  been  produced  In  the  largest  single 
quantity  heat  (1500  lb.)  for  conaistent  quality.  The  crushed  product 
contained  very  low  dissolved  gas  content  and  residual  elements.  An  ln-depth 
analysis  and  the  effect  of  plasma  arc  remelting  (PAR)  of  the  ATR  product  was 
made  via  optical,  SEM,  EDS,  and  X-ray  diffraction.  The  mlcroatructure  vas 
dendritic  with  approximately  67  pet.  NbAl,  as  the  matrix  phase  and  33  pet. 
NbzAl  as  the  second  phase  per  x-ray  diffraction,  SEX  and  EDS.  Microhardness 
measurements  revealed  that  the  NbjAl  vas  harder  than  the  NbAl,  phase,  (696  vs. 
557  VHN) .  PAR  of  the  ATR  product  resulted  In  a  much  finer  structure.  The 
cleanliness  of  both  products  vas  very  good.  Only  a  small  number  of  Inclusions 
vere  observed  which  vere  cuboidal  In  shape  and  EDS  analysis  revealed  that  they 
were  rich  In  A1  and  Mg,  Indicating  the  spinal  MgAl,0, .  A  demonstration  VAR 
Ingot  of  Tl-26Al-llNb  produced  from  a  compacted  electrode  of  ATR  70Nb-30Al 
particles  and  T1  sponge  vas  split  longitudinally  through  the  center  and  It 
contained  no  undlssolved  particles  of  this  master  alloy. 

Intxg«3ugtloD 

The  production  of  niobium  bearing  titanium  allmlnides,1  such  as  2611  with 
20  wt.  pet.  Nb,  and  the  Beta  21S  alloy,2  with  3  wt .  pet.  Nb,  should  require 
the  addition  of  consistent  quality  and  higher  purity  Nb-Al  master  alloy  for 
blending  with  high  grade  Ti  sponge  for  the  vacuum  arc  remelting  (VAR) 
operations.  Thus,  the  degree  of  cleanliness  on  hard  alpha  and  Inclusions 
desired  by  end-users  via  electron  beam  cold  hearth  remelting  (EBCHR)  and 
plasma  arc  remelting  (PAR)  can  be  obtained.  This  paper  describes  the 
alumlnothermlc  reduction  (ATR)  of  high  purity  niobium  oxide  to  nominal  70Nb- 
30A1  in  the  largest  single  quantity  heats  ever  produced  (1500  lb.  at  a  time) 
so  that  a  consistent  quality  level  Is  produced,  and  It  presents  an  ln-depth 
mlcrostructural  analysis  of  this  ATR  product  and  the  effect  of  PAR  of  the  ATR 
product . 

In  order  to  eliminate  atmospheric  pollution  and  minimize  the  Impact  of 
cost ,  CBMM3  has  now  Installed  a  new  semi -continuous  autothermlc  reduction 
process  for  producing  ferronioblum  In  a  stationary  covered  reactor  that 
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Figure  3.  SEM  of  ATR  70Nb-30Al  et  Z300  and  EOS  spectral  plots  of 
NbAl,  and  Nb^l  phase* 


Figure  4  Optical  microstructure  of  ATR  70Nb-30Al  after  PAR  at 
X150  and  SEM  at  X200. 


dispersion  spectrometry  (EDS)  and  x-ray  diffraction  analysis  were  used  to 
determine  the  chemical  and  phase(a)  compositions  of  the  matrix  and  second 
phase  constituents.  In  addition,  the  microhardness  and  volume  fraction  of 
the  Individual  mlcrostructural  components  vers  determined. 

The  overall  microstructure  of  ATR  70Nb  30A1  la  shown  In  Figure  l.  The 
structure  can  be  described  as  dendritic  and  composed  of  the  NbAl ,  matrix  and 
Interspersed  Nb^Al  phase  which  appeared  In  a  different  tone  In  the  original 
color  photomicrographs  at  200  and  600s  magnification  X  ray  diffraction 
analysis  revealed  that  the  dendritic  structure  was  composed  of  two  phases; 
NbAlj  and  NbjAl ,  as  seen  In  the  x-ray  diffraction  pattern  of  Figure  2.  Also, 
SEM  and  EDS  examination  confirmed  that  the  matrix  Is  NbAl,  and  the  second  phase 
is  NbjAl,  per  Figure  3.  The  percentage  of  each  mlcrostructural  component  by 
Quantomet  Is  approximately  67  pet.  NbAl,  and  33  pet.  NbjAl .  with  ±42 
experimental  error.  Microhardness  measurements  Indicated  that  the  second 
phase  Nb,Al  Is  harder  than  the  matrix  NbAl,  phase,  the  respective  values  beina 
696  vs.  557  VHN  * 


The  purpose  In  the  PAR  processing  of  a  portion  of  the  ATR  product  was  to 
ascertain  If  the  dendritic  structure  could  be  refined  by  this  secondary 
operation  By  combining  superheat  to  eliminate  low  density  Inclusions  and 
melting  on  a  copper  hearth  to  remove  high  density  Inclusions,  plasma  yields 
a  very  clean  fine  grained  product,  and  it  maintains  the  chemical  composition 
of  the  alloy  As  seen  In  Figure  4.  the  dendritic  structure  of  the  ATR  product 
was  refined  by  PAR  In  general,  the  cleanliness  of  both  the  ATR  and  PAR 
product  was  very  good,  only  a  small  number  of  Inclusions  were  observed.  The 
chemical  composition  and  morphology  of  the  Inclusions  In  the  ATR  product  are 
shown  In  Figure  5.  The  Inclusions  are  cuboldal  In  shape  and  EDS  analysis 
revealed  that  they  are  rich  In  A1  and  Mg,  maybe  forming  the  spinel  MgAl,04. 
Inclusions  and  gas  content  would  be  Inherent  In  the  quality  of  the  niobium 
oxide,  the  ATR  practice  and  the  amount  of  A1  In  the  ATR  product  As  an 
example,  an  ATR  90Nb  10A1  contains  a  much  higher  dissolved  gas  content  of  270 
ppm  N,  and  1700  ppm  02  which  could  contribute  hard  alpha  and  Inclusions  In  the 
remelting  operations  that  produce  advanced  T1  alloys 
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Figure  5.  SEM  of  ATR  70Nb-30Al  cuboldal  Inclusions  at  X300  and 
EDS  spectral  plot  revealing  Al  and  Mg  content. 


The  ATR  70Nb-30Al  product  was  ball  milled,  without  difficulty,  to  •140-023 
mesh  powder  and  is  being  used  as  a  master  alloy  addition  in  the  development 
of  Tl-Nb  and  Nb-Tl  alloys.  To  qualify  for  Nb-bearlng  titanium  alumlnldes,  a 
demonstration  Ingot  of  nominal  4  In.  diameter  s  6  In.  length  of  2411  alloy 
was  cast  by  VAR  of  a  consumable  electrode  consisting  of  the  proper  particle 
size  relative  to  the  T1  sponge.  A  macroetch  of  the  longitudinal  slice  through 
the  center  of  the  Ingot  Is  depicted  In  Figure  6.  Any  undlssolved  master  alloy 
particles  would  act  like  hlgh-denslty  Inclusions  or  hard  alpha  particles.  In 
the  preparation  of  this  ground/pollshed  surface,  they  would  stand-up  as  tiny 
ridges  or  rough  spots  felt  by  hand  Also,  the  operator  did  not  hear  any 
"clicks"  during  the  surface  preparation  which  would  occur  If  they  were 
present.  The  macroetch  did  not  reveal  any  such  undlssolved  particles  either 
visually  or  under  binoculars.  It  shows  the  typical  elongated  grains 
originating  from  the  starting  stub  (bottom)  and  from  the  water-cooled  Cu 
container,  plus  the  crystallization  of  smaller,  eqluased  grains  In  the  center, 
upper-half  of  the  VAR  Ingot. 
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TITANIUM  ALLOY  HEARTH  KELT  TECHNOLOGY 
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Abstract 

HM  (Hearth  Kelt)  refining  of  titanium  alloys  for  premium  quality  gas 
turbine  engine  rotating  components  is  now  a  demonstrated  production 
process.  Production  of  rotating  components  using  the  EBH+VAR  (Electron 
Beam  Cold  Hearth  Melt  plus  Vacuum  Arc  Remelt)  process  has  been  in  progress 
since  1988;  the  PAH  (Plasma  Arc  Cold  Hearth  Kelt)  +  VAR  process  was 
qualified  as  having  acceptable  refining  capability  in  1991.  The  need  for 
these  Ti  alloy  HM  processes  was  fully  described  in  a  prior  publication;  it 
is  only  sumnarized  here  that  the  necessity  is  to  minimize  the  probability 
of  premature  gas  turbine  engine  component  failures  caused  by  melt  related 
inclusions.  The  refining  advantage  that  the  HM  processes  offer  over  the 
prior  premium  quality  triple  VAR  process  is  their  enhanced  capability  to 
eliminate  the  melt  related  HIO's  (high  interstitial  defects)  and  HDI's 
(high  density  inclusions).  This  paper  considers  the  initial  production 
introduction  of  the  EBM+VAR  process  and  the  qualification  of  the  PAM+VAR 
process  as  background  technology  for  the  more  advanced  EBM  "only"  and  PAM 
"only"  processes.  These  more  advanced  processes,  which  involve  elimination 
of  the  VAR  step  after  hearth  melting,  are  being  demonstrated  under  a  USAF 
ManTech  Program  (F33615-88-C-5418) .  The  current  status  of  the  EBM  "only" 
and  PAM  "only”  process  demonstrations  is  described. 

Introduction  and  Background 

Since  GEAE's  (GE  Aircraft  Engine's)  initial  1989  publication* ”  on  the 
development  of  HM  (Hearth  Melt)  processes  for  refining  Ti  alloys, 
CLntinuous  progress  has  been  made  toward  the  introduction  and  further 
development  of  these  processes  as  described  herein. 

The  ii.itial  production  HM  material  as  indicated  in  Figure  1  was  EBM+VAR 
Ti-6-4  (T1-6A1-4V)  bar  produced  using  a  single  hearth  process*1’.  That 
material  demonstrated  production  capability  using  the  first  AJMI  (Axel 
Johnson  M.  tale,  Inc.)  EBM  furnace.  Subsequent  bar  production  heats  were 
produced  us.ng  the  first  generation  dual  hearth  process;  that  process  was 
developed  tc  enhance  the  ability  to  eliminate  melt  related  inclusions. 
Advanced  dual  ..earth  designs  include  two  major  features:  a  longer  hearth 
length  for  increased  inclusion-elimination  residence  time,  and  a  shield  to 
prevent  ballistic  particle  transport  directly  to  the  ingot  mold.  The  issue 
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Figure  1  -  GEAE  Titanium  Alloy  Hearth  Melt  Development  Strategy: 
Hearth  Melt  +  VAR  —♦Hearth  Melt  Only 

of  the  three  remaining  possible  HID  sources  in  the  final  VAR  process  was 
also  addressed  in  the  bar  program;  added  requirements  were  placed  on  the 
VAR  process  to  minimize  these  possible  sources. 

PAM+VAR  process  development  was  initiated  at  W-G  (the  Wyman-Gordon  Company) 
in  1986  and  at  T-A  (Teledyne  Allvac)  about  a  year  later.  T-A's  facility 
has  recently  been  qualified  for  PAM+VAR  production;  W-G's  qualification 
efforts  have  been  delayed  because  of  the  multiple  goals  for  that  facility. 
Based  on  T-A's  qualification,  PAM+VAR  entered  HM+VAR  introduction  in  1992. 

Concurrent  with  the  HM  process  development  efforts,  programs  were  initiated 
to  develop  sensors  and  models  for  improved  EBM  and  PAM  process  control. 
Significant  progress  has  been  made  in  establishing  sensors  to  monitor  the 
molten  pool  surface  temperature,  a  critical  parameter  for  the  inclusion 
elimination  mechanisms.  Development  of  the  advanced  molten  hearth  models 
for  assessment  of  parameter  changes  on  the  inclusion  removal  mechanisms  has 
been  more  challenging,  but  recent  progress  has  been  achieved. 

All  of  these  combined  technologies  led  to  GEAE's  decision  to  introduce  the 
HM+VAR  process  for  production  of  rotating  disk,  spool  and  shaft  Ti  alloy 
components  in  1988.  Typical  of  any  new  production  process,  a  few  early 
learning  curve  issues  were  encountered,  but  the  process  capability  has 
subsequently  been  established  to  allow  reasonably  uneventful  HM+VAR 
production.  Production  introduction  has  now  expanded  to  include  all 
military  and  conmercial  engines  (mid  1992).  Approximately  two  million  kg 
of  HM+VAR  ingot  have  been  evaluated  through  the  end  of  1991;  no  HID's  or 
HDI ' 8  have  been  found  in  any  of  that  product  produced  by  qualified  sources. 

HM  "Only"  Technical  Approach 

The  major  objective  of  the  USAF  ManTech  Program  is  to  establish  new 
processes  that  will  produce  Ti  alloy  materials  which  are  significantly  free 
of  HID' 8  and  HDI's  while  retaining  freedom  from  type  II  (Al)  segregation 
and  beta  flecks.  Achievement  of  that  objective  is  being  demonstrated  using 
two  HM  "only"  processes,  EBM  and  PAM,  to  produce  two  alloy  types:  Ti-6-4 
and  an  advanced  alloy  such  as  Ti-6246  ( Ti-6Al-2Sn-4Zr-6Mo)  or  Ti-17 
(Ti-5Al-2Sn-2Zr-4Mo-4Cr) . 


The  potential  advantages  of  the  HM  "only”  processes  compared  to  the  triple 
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VAR  and  HM+VAR  processes  are:  (1)  further  cleanliness  improvement,  (2) 
finer  ingot  structure,  and  (3)  reduced  costs.  The  further  cleanliness 
improvement  comes  from  eliminating  the  three  HID  sources  in  the  final  VAR 
step  of  the  HM+VAR  process.  The  finer  ingot  structure  produced  by  the 
shallower  HM  ingot  pool  offers  promise  to:  (1)  minimize  solidification 
segregtion,  (2)  enhance  non-destructive  (ultrasonic)  test  capability,  and 
(3)  enhance  low-cycle  fatigue  properties.  The  cost  reduction  comes  from 
eliminating  the  final  VAR  step  in  the  HM+VAR  process. 

The  recently  completed  Phase  I  efforts  involved  producing  and  evaluating 
fifteen  subscale  heats  as  shown  in  Table  I.  While  these  are  designated 
subscale  heats,  they  ranged  in  size  from  1260  to  4430  kg  (432  to  660  mm 
diameter)  and  were  produced  using  full  scale  KM  practices.  Ti-6-4  and 
Ti-6246  EBM  heats  were  produced;  AJMI  already  had  demonstrated  Ti-17  alloy 
production  capability.  The  PAM  heatB  involved  predominantly  producing  the 
Ti-6-4  and  Ti-17  alloys;  T-A  preferred  gaining  experience  on  Ti-17  since  it 
was  the  selected  Phase  II  advanced  alloy. 

Objectives  were  designated  for  each  heat  series  as  shown  in  Table  I.  The 
1st  and  2nd  series  heats  were  used  to  establish  the  melt  process  for  each 
alloy  in  each  melt  practice.  The  major  evaluations  for  these  heats 
involved:  (1)  monitoring  the  HM  parameters  such  as  heat  input,  molten  pool 
temperatures,  casting  rate,  etc.,  (2)  evaluating  the  hearth  skull  and  ingot 
mold  pool  profiles,  and  (3)  establishing  billet  quality  and  yield.  The  3rd 
series  of  heats  were  directed  at  a  proof-of -concept  seed-elimination 
experiment  for  each  alloy  in  each  melt  process.  Seeds  were  added  to  these 
heats  at  the  industry  established  seeding  level* a>  using  inclusions  known 
to  form  either  HID's  or  HDI's.  The  entire  ingot  was  processed  to  billet 
and  bar  to  inspect  ultrasonically  for  any  surviving  seeds  for  these  heats. 
The  4th  series  o+  heats  were  directed  at  the  economic  issue  of  using  lower 
cost  revert  input  materials. 

EBM  "Only"  Technical  Progress 

Numerous  capability  and  producibility  issues  were  investigated  using  the 
seven  EBM  "only"  heats  listed  in  Table  I.  All  seven  heats  were  produced  at 
AJMI  in  their  first  EBM  furnace  using  standard  hearth  configurations  for 
EBM+VAR  production.  The  ingots  were  converted  to  billet  or  bar  for 
evaluation  by  the  RMI  Titanium  Company.  The  major  emphases  of  the 
evaluations  were  placed  on  composition  control,  billet  integrity,  and 
process  yield.  While  EBM  refining  capability  was  addressed  during  EBM+VAR 
development  work,  further  investigations  were  needed  for  better  definition 
of  the  process  limits.  EBM  process  parameters,  some  requiring  special 
sensor  systems  or  evaluation  procedures  were  monitored  for  comparison 
between  heats,  to  assess  improved  control  needs,  and  for  application  in 
advanced  process  models. 


Table 

I  Phase 

I  Subscale 

Heats 

Heat  Series/Objective 

EBM 

"Only" 

PAM  "Onlv” 

Ti-6-4 

Ti-6246 

Ti-6-4 

Ti-6246 

Ti-17 

lst/Process  Evaluation 

E4- 1 

E6-1 

P4-1W 

P6-1W 

P7-1T 

2nd/Process  Evaluation 

E4-2 

E6-2 

P4-2W 

— 

P7-2T 

3rd/Proof -of -concept 

E4-3 

E6-3 

P4-3T 

— 

P7-3T 

E4-4 
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4th/Revert  Material 


P4-4T 


(«  •o1|itodaiO  ) 


Composition  Control 


Based  on  the  EBM+VAR  development  work*’*,  it  was  known  that  EBM  "only" 
ingot  composition  control  would  be  challenging.  The  high  vacuum  required 
for  EBM  operation  protects  the  molten  metal  from  atmospheric  contamination 
and  reduces  the  hydrogen  content,  but  it  also  causes  the  selective 
vaporization  of  high  vapor  pressure  alloy  elements,  such  as  Al.  As 
demonstrated  by  AJMI  in  commercial  EBH+VAR  production,  achieving 
composition  aims  for  a  given  set  of  EBM  process  parameters  is  an  empirical 
process.  Although  it  is  difficult  to  meet  composition  aims  for 
experimental  heats  with  unusual  operating  procedures,  the  "steady-state" 
portion  of  each  subscale  heat  was  within  the  specified  compositional  ranges 
as  shown  in  Figure  2.  Furthermore,  the  compositional  variations  were 
acceptable  from  center  to  edge  across  the  billet  slices. 

Before  ingot  casting  begins,  vaporization  can  excessively  deplete  Al  from 
the  pools  as  they  are  being  established  in  the  hearths.  This  material  can 
produce  an  ingot  bottom  with  a  below  specification  Al  content,  as  shown  in 
Figure  2,  resulting  in  a  significant  process  yield  loss.  In  heats  outside 
the  program,  and  in  later  program  heats,  AJMI  demonstrated  pool  formation 
procedures  that  prevent  this  Al  depleted  region. 

After  ingot  casting  stops,  beam  power  is  reduced  gradually  in  the  ingot 
mold.  Evaluations  in  this  program  have  shown  that  this  "hot  top"  practice 
minimizes  voids  and  segregation  in  the  billet  due  to  shrinkage  cavities 
near  the  ingot  top.  Without  a  hot  top  practice,  the  cavities  can  extend 
about  200  mm  from  the  ingot  top  as  shown  in  Figure  3.  While  the  cavities 
have  been  essentially  eliminated  by  long  duration  hot  top  practices,  the 
resulting  Al  depletion  was  unacceptable  as  shown  in  Figure  2  for  Heat  E4-3. 
A  balance  between  minimizing  cavity  formation  and  Al  depletion  appeared  to 
be  achieved  in  some  heats.  This  practice  would  minimize  the  ingot  top 
yield  loss.  The  full  scale  heats  of  Phase  II  will  be  used  to  demonstrate 
whether  this  balance  can  be  maintained  with  larger  ingot  diameters. 


Because  melt  rate  is  inversely  proportional  to  pool  residence  time,  it 
directly  affects  both  selective  vaporization  and  inclusion  elimination 
capability.  Rough  measurements  of  casting  rate,  which  approximates  melt 
rate,  indicated  typical  process  variations  of  about  ±30%.  While  experience 
has  indicated  that  this  is  an  adequate  level  of  control,  improved  melt  rate 
monitoring  and  control  practices  are  being  developed. 


O(bonom) 


50  100 

Ingot  Length  (cm) 


(lop)  150 


Figure  2.  EBM  fillet  compositions.  Only  the  central  portion  of  Heat  E4-3 
has  acceptable  billet  homogeneity ;  modified  procedures  in  Heat 
E6-3  achieved  acceptable  top  to  bottom  homogeneity. 
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Billet  Integrity 


No  inclusions  or  segregation  were  found  in  the  1st  and  2nd  series  unseeded 
heats  for  both  alloys.  Likewise,  no  surviving  seeds  or  segregation  were 
found  in  Heat  E4-3  billet  and  bar,  demonstrating  full  inclusion  elimination 
capability  for  Ti-6-4.  HID's  attributed  to  ten  surviving  nitrided  sponge 
seeds  were  found  in  Heat  E6-3.  No  inclusions  were  found  in  similar  seeded 
heats  conducted  outside  of  the  ManTech  program  with  Ti-l?'1’,  an  alloy  with 
similar  thermophysical  properties  to  Ti-6246.  Investigations  indicate  that 
the  survival  mechanism  is  related  to  the  solid  electrode  feedstock 
preparation  used  for  Heat  E6-3;  this  mechanism  did  not  exist  for  the 
compacted  particulate  feedstock  used  in  the  Ti-17  heats.  Although  this  is 

a  much  lower  seed  survival  rate 
(about  0.4%)  than  that  for  the  triple 
VAR  process  of  about  8%‘ 1 ’ ,  work  to 
eliminate  this  mechanism  continues. 

Six  HID's  also  were  found  in  Heat 
E4-4;  they  were  associated  with 
flame-cut  VAR  crown  revert  feedstock 
that  is  not  allowed  for  current 
premium  quality  applications.  This 
is  again  a  much  lower  incidence  than 
expected  for  triple  VAR,  but  proves 
that  current  restrictions  against 
using  such  feedstock  cannot  be 
relaxed  without  further  development. 
The  HID  survival  also  was  associated 
with  HM  pour  interruptions.  As  a 
result,  limits  and  precautionary 
procedures  are  being  developed  for 
process  interruptions. 

Vaporized  metals  in  the  furnace 
condense  on  the  cold  chamber  surfaces 
to  form  dense  deposits  enriched  in 
high  vapor  pressure  elements,  in  some 
cases  exceeding  50  wt  %  Al.  There  is 
a  concern  that,  without  the 
subsequent  VAR  process,  deposit  pieces  that  fall  into  the  ingot  mold  pool 
could  survive  to  form  a  segregated  region  in  the  EBM  "only"  ingot.  Many 
such  fall-in  occurrences  were  observed,  particularly  during  Heat  E4-1, 
without  any  associated  segregated  regions  being  found  in  the  billet 
inspections.  One  cracked  segregated  region  found  in  billet  ultrasonic 
inspection  of  Heat  E6-3  may  have  been  caused  by  an  unusual  deposit  from  a 
viewport  used  only  in  experimental  trials;  that  possible  source  has  been 
eliminated.  AJMI  has  demonstrated,  and  continues  developing,  practices 
that  greatly  reduce  occurrences  of  deposits  falling  into  the  ingot  mold. 

The  152  mm  diameter  billet  macrostructure  and  microstructure  of  the 
subscale  heats  were  equivalent  to,  or  finer  than,  commercial  triple  VAR  or 
HM+VAR  billet.  This  is  attributed  to  having  less  ingot  mold  pool  volume 
for  EBM  as  shown  in  Figure  3  than  for  VAR.  Billet  structures  produced  by 
various  conversion  practices  indicate  that  additional  refinement  of  billet 
structure  and  reduced  noise  for  ultrasonic  inspection  might  be  possible. 

Process  Yield 


Figure  3.  Macroetched  axial  slice 
of  the  E4-4  EBM  ingot 
top.  The  470  mm  deep 
pool  (outlined)  helps  to 
produce  a  fine  billet 
macrostructure  . 


Based  on  the  subscale  results,  full  scale  EBM  "only"  melting  and  conversion 

2,455 


yields  should  be  at  least  equivalent  to  current  comnercial  experience. 
Ingot  sidewall  improvements  noted  with  increasing  ingot  diameter  indicate 
that  full  scale  ingots  can  be  made  with  standard  EBM  "only"  procedures  that 
will  not  require  significant  sidewall  conditioning  losses. 

PAM  "Only"  Technical  Progress 

The  PAM  approach  to  melting  of  Ti  alloys  is  being  pursued  by  several 
primary  titanium  suppliers.  T-A  and  W-G  have  been  involved  in  the  USAF 
ManTech  Program  and  have  each  melted  heats  that  were  planned  as  a  part  of 
the  Phase  I  effort.  Eight  heats  have  been  melted  that  ranged  in  weight 
from  1475  to  3810  kg.  The  three  heats  melted  at  W-G  were  610  mm  in 
diameter  and  are  coded  by  the  letter  W  in  Table  I;  the  five  heats  melted  in 
T-A  were  660  mm  diameter  and  are  similarly  coded  by  the  letter  T.  All  of 
the  planned  Phase  I  heats  have  been  melted  and  evaluated.  Much  has  been 
learned  about  PAM  of  Ti  alloys.  Key  capabilities  of  the  process  have  been 
identified  and  key  technical  issues  that  are  the  focus  for  further  efforts 
toward  the  implementation  of  PAM  "only"  product  are  being  resolved.  Space 
does  not  allow  a  full  description  of  all  of  the  pertinent  Phase  I 
information;  thus,  the  option  was  taken  to  suitmarize  the  capabilities  and 
issues  identified  in  the  work  to  date.  These  capabilities  and  issues  are 
grouped  into  the  same  three  broad  categories  previously  discussed  in  the 
EBM  section:  composition  control,  billet  integrity  and  process  yield. 

Composition  Control 

The  PAM  process  evaluations  conducted  to  date  under  the  ManTech  Program 
have  shown  excellent  reproducibility  of  the  raw  material  composition  in  the 
ingot  and  billet.  Chemical  analysis  of  Heat  P7-1T  was  performed  at  five 
locations  along  the  billet  length,  and  at  the  center  and  surface  at  each 
location.  The  results  indicated  that  all  the  metallic  elements  averaged 
within  0.1  wt%  of  the  target  chemistry  with  a  standard  deviation  of 
generally  less  than  0.05  wt%.  Earlier  program  heats  that  did  not  achieve 
the  same  target  accuracy  were  determined  to  be  the  result  of  the  physical 
characteristics  and  deblending  of  the  input  material  blend.  In  an  effort 
to  expand  the  confidence  for  reproducibility  of  composition,  a  short  melt 
was  conducted  using  billet  produced  from  Heat  P6-1W.  The  short  ingot  stub 
produced  in  this  effort  was  analyzed  for  chemistry  and  determined  to  be 
within  0.1  wt%  of  the  values  previously  measured  in  the  billet. 

Hydrogen  content  measured  at  the  billet  stage  for  the  early  PAM  heats  have 
been  between  100  and  350  ppm.  It  has  been  determined  that  the  PAM  furnace 
atmosphere  has  a  significant  influence  on  the  hydrogen  content  of  the  ingot 
produced,  and  that  billet  conversion  can  be  expected  to  add  as  much  as  40 
to  50  ppm  hydrogen  to  the  product.  Significant  progress  has  been  achieved 
in  controlling  the  hydrogen  content  of  PAM  "only"  material  in  this  program. 
Heat  P7-1T,  which  was  the  first  PAM  Ti-17  heat  in  the  industry,  contained 
approximately  225  ppm  hydrogen  after  billet  conversion.  This  heat  and  the 
second  PAM  Ti-17  heat,  P7-2T,  were  both  melted  using  just  sponge  and  master 
alloy.  Heat  P7-2T  contained  only  60  ppm  hydrogen  at  the  ingot  stage,  and 
averaged  85  ppm  hydrogen  as  152  mu  diameter  billet.  The  significant  change 
to  the  PAM  process  to  reduce  the  heat  hydrogen  level  was  to  scrub  hydrogen 
from  the  helium  gas  atmosphere  as  it  passed  through  the  recirculation 
system.  The  subsystem  used  to  scrub  hydrogen  was  operated  in  a  manual  mode 
for  Heat  P7-2T,  and  has  since  been  automated. 

In  8urtnary ,  efforts  conducted  under  the  ManTech  program  have  shown  that  PAM 
reproduces  input  material  composition  very  effectively.  With  some 
additional  control  development  and  possibly  some  fine  tuning  of  the 


conversion  processes,  PAM  "only"  billet  will  also  be  capable  of  meeting  the 
specified  hydrogen  content. 

Billet  Integrity 

The  general  subject  of  billet  integrity  is  broad  and  includes  issues  such 
as:  inclusions  (HID's  and  HDI's),  voids  (both  evacuated  and  gas  filled), 
and  structure  (micro  and  macro).  T-A  has  effectively  demonstrated  total 
inclusion  elimination  from  Ti-6-4  using  PAM;  T-A's  separate  paper*3* 
discusses  the  details  of  these  demonstrations. 

Clean  voids  have  been  observed  in  PAM  billet  material  evaluated  in  this 
program.  Their  occurrence  has  been  associated  with  shrink  cavities 
resulting  from  an  irregularly  shaped  molten  pool  pattern  in  the  ingot.  The 
torch  pattern  over  the  ingot  for  Heat  P6-1W  allowed  the  solidification  of 
an  island  in  the  center  of  the  pool  and  created  shrinkage  voids  at  the 
bottom  left  side  of  the  molten  pool  as  shown  in  Figure  4a.  The  torch 
pattern  in  this  instance  had  been  preferentially  directed  at  the  edge  of 
the  ingot  in  an  attempt  to  enhance  the  ingot  surface  condition.  Billet 
from  this  heat  exhibited  clean  voids  in  the  location  of  the  shrink 
porosity.  The  torch  pattern  was  modified  for  subsequent  heats  to  yield  a 
typical  ingot  molten  pool  as  shown  in  Figure  4b.  No  clean  voids  were  found 
in  the  billet  for  any  other  heats  in  Phase  I.  The  potential  for  gas  filled 
voids  in  PAM  "only"  material  exists;  however,  none  have  been  observed. 
More  direct  and  definitive  approaches  to  assessment  of  the  level  of  risk 
associated  with  the  occurrence  of  clean  voids,  both  evacuated  and  gas 
filled,  are  being  considered.  Such  approaches  could  include  extensive  bar 
production  or  extensive  large-bar  low-cycle  fatigue  testing. 

The  macrostructure  of  PAM  "only"  converted  material  is  typically  finer  than 
that  of  PAM^VAR  or  triple  VAR  material  given  the  same  conversion  practice. 
This  observed  macrostructural  refinement  is  apparently  a  result  of  a 
smaller  ingot  grain  size.  No  microstructural  anomalies  have  been  observed 
beyond  that  of  the  early  clean  void  porosity  for  PAM  "only"  billet 
material,  nor  are  they  expected  since  microstructural  features  are 
generally  a  function  of  conversion  and  heat  treatment  rather  than  melting. 

Process  Yield 


Process  yield  has  not  been  fully  assessed  in  the  ManTech  Program  because  of 


(a)  0.14X  (b)  0.12X 


Figure  4.  Ingot  mold  pool  profiles  for  (a)  Heat  P6-1W  and  (b)  Heat  P4-2W. 

Improper  PAM  tore*'  patterns  (a)  can  cause  ingot  microshrink 
cavities  that  result  in  clean  voids  in  the  billet.  Proper  torch 
patterns  (b)  eliminate  these  clean  voids. 
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competing  objectives.  Specifically,  in  each  heat  except  the  last  two,  the 
top  of  the  ingot  was  not  hot  topped;  it  was  marked  with  copper  during  the 
final  stages  of  melting  and  removed  prior  to  conversion  for  analysis  of  the 
steady  state  molten  pool.  Removal  of  the  top  of  the  ingot  creates  a 
relatively  low  aspect  ratio  ingot  which  is  not  optimum  for  yield.  The 
Phase  II  full  scale  heats  will  provide  the  best  opportunity  to  quantify 
yields. 

Significant  features  of  the  process  which  affect  yield  and  economics  can 
also  be  identified  from  the  work  done  on  this  program.  There  are  almost  no 
losses  of  raw  material  in  the  melting  cycle.  Given  a  constant  skull 
weight,  the  ingot  weight  resulting  from  a  melt  cycle  is  generally  within  1% 
of  the  raw  material  input  weight.  Present  experience  shows  the  surface 
finish  of  a  PAN  "only"  ingot  is  not  as  good  as  a  PAM+VAR  ingot  and  requires 
significant  conditioning  prior  to  conversion.  The  shoe  required  for  PAH 
ingot  retraction  is  also  a  significant  loss  to  PAM  "only"  yield.  These 
primary  yield  losses  for  PAM  "only"  may  be  offset  to  some  extent  by  a 
reduced  molten  pool  depth  at  the  top  of  the  ingot  which  will  require  less 
cropping  during  conversion  than  a  PAM+VAR  heat.  The  discussion  of  product 
yield  is  ultimately  directed  to  consideration  of  process  economics. 
Offsetting  the  potentially  reduced  yield  in  an  economic  balance  will  be  the 
avoidance  of  the  cost  associated  with  a  subsequent  VAR  cycle.  Further, 
although  it  is  almost  impossible  to  quantify,  the  increased  product 
integrity  offered  by  avoiding  potential  HID  occurrence  in  the  final  VAR 
will  also  be  a  key  economic  consideration. 

Conclusions 

The  two  million  kg  of  HH+VAR  production  ingot  has  demonstrated  that  hearth 
melting  of  Ti  alloys  is  a  viable  production  process;  improved  freedom  from 
melt  related  HID's  and  HDI's  has  been  found  in  that  product  compared  to 
current  triple  VAR  material.  While  most  of  the  HH+VAR  production  to  date 
has  been  made  by  the  EBM+VAR  process,  very  encouraging  results  were 
obtained  for  the  PAM+VAR  process  during  the  qualification  demonstrations. 
Ongoing  development  efforts  directed  at  HM  "only"  technology  for  the  EBM 
and  PAM  processes  have  defined  issues  which  must  be  resolved  before  these 
can  likewise  be  considered  for  production  introduction.  However,  no  issues 
have  yet  been  defined  which  are  not  resolvable  via  reasonable  process 
modifications  or  enhanced  process  definition  and  control. 
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Abstract 

We  have  produced  titanium  of  99.999%  purity  on  the  50-I00kg  per  batch  scale  by  the  improved 
iodide  process.  Unlike  the  conventional  wire  filament  process  on  a  kilogram  scale,  we  use  high 
purity  titanium  tube  as  a  deposition  substrate.  Iodide  titanium  deposits  on  an  outer  surface  of  the 
tubc.while  its  inner  surface  is  indirectly  heated  by  a  graphite  heater.  In  this  way  deposition 
surface  area  is  greatly  enlarged  by  an  order  of  two  as  compared  with  the  conventional  iodide 
process.  A  diffusion  pump  evacuates  the  inner  part  of  the  deposition  tube  at  a  pressure  bellow 
10'1  Pa  to  prevent  contamination  of  titanium  from  the  graphite  heater. 

1.  Introduction 


With  the  rapid  increase  in  the  degree  of  Large-Scale  Integration  (LSI)  in  recent  years,  dimensions 
of  solid  state  electronic  devices  are  getting  smaller  and  smaller.  As  a  result  materials  used  in  such 
devices  require  higher  purity  and  strength.  Due  to  the  present  demand  for  a  remedy  to  the  signal 
delay  caused  by  the  increase  in  electrode  wiring  resistivity  and  electromigration  in  fine  metal 
interconnects,  the  focus  is  now  being  placed  on  refractory  materials  with  lower  resistance  and 
higher  purity,  compared  to  the  frequently  used  polysilicides.  Metallic  materials  with  the  above 
properties  which  can  be  utilized  as  electrodes  in  LSI  are  molybdenum,  tungsten,  and  titanium  or 
their  silicides.  Among  them  titanium  is  particularly  desirable  due  to  its  excellent  specific  strength, 
workability  and  corrosion  resistance. 

However,  as  an  electrode  material  for  semiconductors,  titanium  metal  must  be  of  very  high 
purity.  Impurities  in  titanium  which  affect  the  performance  of  LSI  devices  are  alkaline  metals  (Na, 
K),  radioactive  metals(U.Th),  and  heavy  metals  (Fe,  Ni,  Cr).  Impurity  contents  that  are 
allowable  for  semiconductor  materials  are  respectively  Na,  K  <  20  ppbw,  U,  Th  <  1  ppbw,  and 
Fe,  Ni,  Cr  <  1  ppmw.  One  of  the  typical  methods  of  obtaining  high  purity  titanium  is  the  thermal 
decomposition  of  titanium  iodides,  which  was  first  studied  by  Van  Arkel  and  de  Boer  in  1925- 
1930(>>.  In  the  iodide  process,  the  decomposition  scheme  is  described  as  follows, 

crude  Ti  +  2h  — >  TiU  (synthetic  reaction)  (1) 

TiU  — >  high  purity  Ti  +  2h  (thermal  decomposition)  (2) 
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A  crude  titanium  reacts  with  iodine  to  form  a  titanium  tetraiodide  at  temperatures  of  500-800  K. 
The  thermal  decomposition  of  the  titanium  tetraiodide  proceeds  on  a  deposition  substrate  which  is 
usually  a  wire-filament  resistively  heated  at  temperatures  of  1400  to  1800  K.  The  iodine  liberated 
returns  for  further  reaction  with  the  crude  titanium.  A  series  of  reactions  involving  iodine  go  on  in 
a  cyclic  way .  Using  the  above  process,  high  purity  titanium  can  be  easily  obtained,  however,  its 
productivity  is  very  low  because  of  the  use  of  a  fine  filament  as  the  deposition  substrate.  Our  aim 
is  to  develop  a  new  technology  for  obtaining  high  purity  titanium  at  high  production  rates  with  a 
lower  decomposition  temperature. 

2.  New  technology  for  producing  high  purity  titanium 

2-1.  Reaction  conditions 

In  the  conventional  iodide  process,  titanium  tetraiodide  is  directly  decomposed  to  titanium  ,  which 
causes  high  temperature  decomposition  at  1400-1800  K.  On  the  other  hand,  titanium  refining  in 
our  iodide  process  involves  reactions  of  crude  titanium  with  titanium  tetraiodide,  thereby 
synthesizing  lower  valent  titanium  iodides  ,  and  decomposing  the  lower  valent  titanium  iodides  to 
high  purity  titanium.  The  lower  valent  titanium  iodides  ,  i.e.,  Til2  and  Til3,  afford  higher 
synthetic  reaction  temperatures  and  lower  thermal  decomposition  temperatures,  as  compared  with 
titanium  tetraiodide.  While  the  reaction  mechanisms  for  the  synthesis  and  decomposition  of  the 
lower  valent  iodides  are  indistinct,  the  reactions  may  be  represented  by  the  following  equations: 

crude  Ti  +  TiI<or  I)  — >  Til2,  Til3  (synthetic  reaction)  (3) 

Til2,  Til3  — >  high  purity  Ti  + 1  (thermal  decomposition)  (4) 

The  lower  valent  titaniun  iodides  are  synthesized  at  about  1000-1200  K.  These  iodides  undergo 
thermal  decomposition  none  readily  than  titanium  tetraiodide,  allowing  the  thermal  decomposition 
temperature  to  be  lowered  to  1400-1500  K.  Accordingly,  the  possibility  of  thermal  decomposition 
of  metal  impurities  contained  in  the  iodides  is  more  greatly  reduced  than  that  at  higher 
decomposition  temperatures. 

2-2.  Improvement  of  titanium  productivity 

The  rate  of  titanium  deposition  is  known  to  be  limited  by  the  diffusion  of  iodine  and  iodides, 
i.e. .natural  convection  in  the  reaction  space®.  Therefore,  to  attain  high  titanium  productivity,  the 
enlargement  of  deposition  surface  area  is  needed.  We  used  a  titanium  tube  as  a  deposition 
substrate  instead  of  a  conventional  wire  filament.  Titanium  deposits  on  the  outer  surface  of  the 
tube ,  while  the  inner  surface  was  indirectly  heated  by  a  graphite  heater.  The  power  supply  to  the 
tube  was  not  affected  by  the  deposition  rate  of  titanium,  and  the  uniform  temperature  distribution 
in  the  axial  direction  was  attained.  By  evacuating  the  heater  chamber  with  an  oil  diffusion  pump, 
the  deposited  titanium  was  free  from  contamination  from  the  graphite  heater.  Since  the  tube 
permits  its  diameter  and  length  to  be  arbitrarily  selected,  the  deposition  surface  area  can  be 
drastically  increased  in  comparison  with  that  of  the  filament  In  addition,  the  change  in  the 
surface  area  is  relatively  small  as  the  reaction  proceeds,  thereby  it  is  easy  to  maintain  the 
deposition  conditions  constant 


3-1.  Small  scale  production  of  titanium 


Preliminary  investigation  of  purification  in  the  iodide  process  was  carried  out  using  a  small  scale 
reactor.  Figure  1  shows  the  schematic  outline  of  the  apparatus.  The  reactor  made  of  Inconel  tube 
(250  mm  I.D.xlOOO  mm  length)  was  lined  with  Ta  sheet  on  its  inner  surface  to  prevent  corrosive 
reaction  of  iodine  with  Inconel.  A  titanium  tube  (43  mm  O.D.x  700  mm  length)  was  used  as  the 
deposition  substrate.  The  tube  was  made  of  99.996%  pure  titanium,  and  its  thickness  was  1  mm. 
The  tube  was  heated  to  1400  K  by  a  graphite  heater  installed  inside  it.  The  tube  was  evacuated 
through  a  combination  of  oil  diffusion  and  rotary  mechanical  pumps  to  prevent  contamination 
from  the  graphite  heater.  About  50  kg  of  crude  titanium  was  stacked  cylindrically  in  the  annular 
space  between  the  reactor  wall  and  the  titanium  tube. 

Commercial  titanium  tetraiodide(99.7%)  was  used  as  a  feeding  material  without  further 
purification.  Titanium  tctraiodide  was  introduced  into  the  reactor  which  was  evacuated  and  heated 
to  1-10  Pa  and  1 150  ^respectively.  In  this  way  the  titanium  tetraiodide  reacts  with  the  crude 
titanium  to  form  lower  valent  titanium  iodides(Til2,  Til  3).  The  iodides  were  transported  to  the 
surface  of  decomposing  tube  by  gas  diffusion,  and  high  purity  titanium  deposited  on  the  outer 
surface  of  the  tube.  By-products(iodine  and  Til4)  again  react  with  the  crude  titanium  to  form 
subiodides.  The  titanium  tetraiodide  and  subiodide  gases  repeated  these  reactions  as  they  traveled 
up  within  the  reactor  and  were  finally  condensed  and  captured  by  a  trap  which  was  cooled  with 
liquid  nitrogen. 


to  vacuum 


Ti  deposition  tube 
crude  Ti  sponge 
graphite  heater 


to  vacuum 


TiU  aporizer 


Figure  1  -  Schematic  outline  of  the  small  scale  reactor 

Starting  with  the  ('rode  titanium  sponge  of  99.98%  purity,  the  reaction  was  kept  200  h.  We 
obtained  6.'  g  polycrystalline  titanium  deposit,  part  of  which  is  shown  in  Figure  2.  Its  thickness 
was  about  12  mm  and  the  deposition  rate  was  1  pm/min.  We  melt  the  titanium  deposit  together 
with  the  original  substrate  by  an  Ar  plasma  arc.  The  analyses  of  various  impurities  in  the  crude 
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titanium  sponge  and  the  titanium  deposit  are  given  in  table  I.  Refining  effect  was  prominent 
especially  for  Fe,  Ni,  Al,  and  O.  Carbon  contamination  from  the  graphite  heater  was  negligibly 
small. 


Figure  2  -  Titanium  deposit  produced  by  the  small  scale  reactor 


Table  I  Typical  analysis  of  crude  titanium  sponge  and  deposited  titanium 


Element 

crude  Ti  sponger  ppm) 

deposited  Ti(ppm) 

Fe 

50 

0.5 

Ni 

15 

0.1 

Cr 

8 

0.4 

Al 

7 

1.1 

Si 

3 

0.4 

Na 

<0.02 

<0.02 

K 

<0.02 

<0.02 

U 

<0.001 

<0.001 

Th 

<0.001 

<0.001 

C 

30 

30 

H 

<10 

<10 

O 

300 

80 

N 

10 

10 

3-2.  Large-scale  producuon  of  utamum 

Based  on  the  results  of  the  small  scale  reactor,  we  made  a  design  for  large  scale  apparatus  with 
titanium  productivity  of  50-100  kg/Bt.  The  flowsheet  was  similar  to  that  employed  for  the  small 
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scale.  The  reactor  was  made  of  SUS,  whose  diameter  and  height  were  500  mm  and  2700  mm 
.respectively.  The  titanium  deposition  tube  (210  mm  O.D.x  2000  mm  length)  was  hung  and  fixed 
with  its  upper  flange  being  sealed.  The  tube  was  heated  by  a  graphite  heater  using  a  three-phase 
transformer.  The  diameter  ratio  of  the  reactor  and  the  deposition  tube  was  small,  as  compared 
with  that  of  the  small  scale  one.  As  a  result,  the  temperature  of  the  crude  titanium  was  strongly 
affected  by  the  heat  dissipated  from  the  graphite  heater  and  the  temperature  gradient  from  the 
deposition  surface  toward  the  titanium  sponge  became  gradual.  As  the  formation  and 
decomposition  of  the  iodides  occur  at  different  temperatures  in  the  same  reactor,  it  is  necessary  to 
make  steeper  temperature  gradient  toward  the  radial  direction  of  the  deposition  tube.  We  lowered 
the  temperature  of  outer  surface  of  the  reactor  by  air-cooling. 

The  titanium  sponge  was  transformed  to  cylindrical-shape  compact  by  compression  and  then 
stacked  surrounding  the  deposition  tube  annularly.  The  temperature  of  the  deposition  tube, 
measured  by  a  thermocouple  attached  to  its  outer  surface,  was  kept  at  1400  K.  The  surface 
temperature  of  the  reactor  gradually  rose  up  to  1300  K  without  cooling.  Forced  air  blowing  was 
done  to  maintain  the  surface  temperature  below  1200  K. 

We  have  started  carrying  out  short-period  titanium  deposition  experiments.  Figure  3  shows  a 
fraction  of  the  deposited  polycrystalline  titanium.  The  experiment  was  conducted  for  190  h,  and 
we  obtained  65  kg  titanium  deposit.  The  deposition  thickness  attained  to  10- 12mm, 
corresponding  to  the  deposition  rate  of  0.9-1. 1  /<m/min.  The  deposition  rate  of  the  large  scale 
reactor  was  comparable  to  that  of  the  small  scale  one.  Preliminary  chemical  analysis  indicated  the 
following  levels  of  impurities:  Fe=l  ;  Nicl  ;  Crcl  ;  Al<2  ;  C=30  ;  0=80  ;  N=10  ppmw. 
Gaseous  impurity  contamination  such  as  oxygen  and  nitrogen  may  be  caused  from  leaks  in  the 
reactor  or  desorption  of  gases  from  the  titanium  compact.  The  longer  the  deposition  period,  e.g., 
300-400  h,  the  lower  the  metallic  impurity  contents.  The  proportional  ratio  of  the  impurity  content 
of  original  tube  to  deposited  titanium  is  expected  to  come  close  to  negligible,  however  a  complete 
evaluation  has  not  been  made  at  current  stage. 


Figure  3  -  Titanium  deposit  produced  by  the  large  scale  reactor 
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4.  Conclusion 


An  attempt  was  made  to  improve  the  productivity  of  high  purity  titanium  by  a  newly  developed 
iodide  process  .  Unlike  the  conventional  iodide  process,  we  used  a  high  purity  titanium  tube  as  a 
deposition  substrate.  The  deposition  surface  area  was  able  to  be  enlarged  by  an  order  of  two, 
compared  with  the  conventional  wire  filament  process. 

a)  small  scale  reactor 

Operation  of  200  h  produced  a  12  mm  thickness  titanium  deposit  with  a  rate  of  1  ^m/min.  It 
weighed  6.S  kg.  The  deposit  was  observed  to  contain  Fe=0.5  ppmw,  Al=l.l  ppmw,  0=80 
ppmw,  Na<0.02  ppmw,  etc. 

b)  large  scale  reactor 

Operation  of  190  h  produced  65  kg  titanium  deposit  with  a  thickness  of  10-12mm.  The 
deposition  rate  attains  to  0.9- 1 . 1  jrm/min.  At  the  present  stage  we  tried  a  short  period  operation, 
however,  we  can  expect  more  than  100  kg  titanium  deposit  in  a  period  of  300  h. 
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Abstract 

An  overview  is  given  of  current  work  on  particulate  and  fibre 
reinforced  titanium  alloys.  Composite  production  methods  are 
surveyed  with  emphasis  on  the  influence  of  production  method  upon 
the  development  of  the  matrix-reinforcement  interface.  Particular 
attention  is  given  to  interfacial  reaction  effects,  notably  with 
Sic  and  TiB, ,  and  a  brief  survey  of  counter  measures  such  as 
diffusion  barrier  coatings  and  close  control  of  processing 
conditions  is  presented.  The  influence  of  matrix  chemistry  on 
these  processes  is  discussed.  An  outline  is  given  of  the  effect 
of  coatings  and  reaction  layers  on  the  physical  and  mechanical 
behaviour  of  both  the  interfacial  region  and  the  composite  as  a 
whole.  The  composite  properties  covered  include  elastic  constants 
and  fracture  behaviour. 


Introduction 

The  worldwide  interest  in  developing  aerospace  structural 
materials  of  increased  specific  strength  and  stiffness,  together 
with  enhanced  high  temperature  strength  and  creep  resistance  has 
led  to  intensive  research  into  intermetallic  compounds  on  the  one 
hand  and  metal  matrix  composites  (MMCs)  on  the  other.  Titanium 
plays  a  key  role  in  both  these  activities.  In  the  case  of  MMCs 
the  final  microstructure,  and  hence  mechanical  properties,  is 
dominated  by  the  processes  involved  in  the  creation  of  the 
composite  material  itself  and  necessitates  close  control  over  the 
starting  materials  and  the  processes  of  production.  The  key 
problem  lies  in  the  conflicting  requirements  posed  by  the  need 
to  fully  consolidate  the  metal/rcramic  mixture  and  the  avoidance 
of  chemical  interaction  between  the  ceramic  and  metal  (which  are 
generally  far  from  being  in  thermodynamic  equilibrium  with  each 
other).  The  former  is  most  easily  achieved  at  elevated 
temperatures  at  which  the  deleterious  chemical  interaction  is 
promoted.  This  review  examines  work  on  the  development  of 
titanium  based  MMCs  since  the  last  World  Titanium  Conference  in 
Cannes  with  an  emphasis  upon  the  metal-ceramic  interface,  its 
reactions  and  effects  on  properties. 
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Ceramics  are  generally  characterised  by  lower  density,  higher 


Table  I 

Selected  Properties  of  Some  Titanium  Alloys  and  Ceramics 


Materials 

Youngs 

Modulus 

E(GPe) 

Tensile 
Stress 
<J«„(MPa ) 

Comp. 

Stress 

o„(MPa) 

Density 

P(g/cm’) 

Specific 

Stiffness 

E/p(GPe.cmVg) 

Coef.  of 
Expansion 

(xlO'Vc) 

C.P.Ti 

105 

480 

_ 

4.51 

23.6 

7.6 

T1-6A1-4V 

110 

925 

- 

4.65 

23.7 

9.54 

Ti-15-3-3-3 

112 

850-1400 

- 

4.76 

23.5 

9.75 

Ti-10-2-3 

117 

1250 

- 

4.65 

25.2 

8.8 

TiB, 

529 

- 

666.1 

4.53 

117.3 

6.4 

ZrB, 

343.3 

199 

1579 

6.10 

56.4 

5.5 

SiC 

450 

450 

1030 

3.21 

140.2 

4.8 

TiC 

309 

467 

749 

4.92 

62.8 

7.2 

B4C 

463 

446 

2843 

2.51 

192.4 

4.5 

BN 

85 

*2.1 

309 

2.25 

38 

7.51 

AIN 

343.4 

- 

2060 

3.30 

104 

5.64 

Si,N, 

385 

170 

549 

3.20 

124 

2.5 

TIN 

78.3 

- 

1270 

5.40 

14.5 

9.3 

A1.0j 

420 

223 

2940 

4.00 

105 

8.3 

stiffness  and 
titanium  alloys. 

lower  coefficient  of 
Table  I  (1)  compares 

thermal  expansion  than 
these  properties  for  a 

number  of  titanium  alloys  and  ceramic  types.  The  much  higher 
specific  stiffness  of  most  ceramics  is  evident  from  this  table 
with  TiB,,  SiC  and  B4C  exhibiting  the  highest  values.  Strength 
levels  are  generally  limited  by  the  low  toughness  of  the  ceramics 
which  produces  a  very  high  sensitivity  to  the  presence  of  very 
small  flaws.  Application  to  KKCs  is  limited  by  both  chemical 
reactivity  and  materials  availability  in  appropriate  forms,  as 
discussed  below. 

Cgranic-MBtal  Interactions 

The  extreme  chemical  reactivity  of  titanium,  and  the  aluminides, 
with  most  ceramics  (eg. Table  II)  can  result  in  the  formation  of 
chemical  reaction  product  zoneB  at  the  matrix/ceramic  interface 
as  well  as  modification  of  matrix  chemistry  during  processing  in 
the  solid  state. 

Table  II 

Thermodynamic  Driving  force  and  Transformation  strain  for  Ti- 


Chemlcal  Reaction  with  Sic  and  TiB,. 


Reaction 

*V/V 

sG# 

kJ  mole’1 

8Ti 

+  3SiC-»3TiC  +  Ti.Si, 

-4.62 

200 

Ti 

+  TiB,-*2TiB 

-1.42 

220 

2.441 


Consolidation  typically  involves  temperatures  in  the  range  900- 
950 *C  and  times  up  to  1  or  2  hours  in  which  period  substantial 
reaction  can  take  place.  Boron,  silicon  and  carbon  contained  in 
the  ceramics  can  all  produce  titanium  compounds  and  nitrogen, 
oxygen  and  aluminium  exhibit  extensive  solid  solubility  in  the 
metal.  A  number  of  studies,  principally  on  the  Ti-SiC  system, 
have  shown  that  isothermal  reaction  zone  growth  follows  parabolic 
kinetics.  A  study  of  a  wide  range  of  ceramic-titanium 
interactions  by  Jong  et  al  (1  and  2  (this  conference))  has 
confirmed  parabolic  kinetics  and  determined  activation  energies 
consistent  with  transport  through  the  compact  segment  of  reaction 
zones  to  be  rate  controlling.  The  mechanism  of  the  TiB,  to  TiB 
transition  is  discussed  by  Prangnell  et  al  (3).  This,  the  work 
of  Jong  and  parallel  work  by  Clyne  et  al  (4),  indicate  that  TiB, 
is  superior  to  SiC  in  terms  of  reduced  rate  of  zone  growth.  Many 
studies  have  suggested  that  the  zone  thickness  needs  to  be 
maintained  at  less  than  lpm  to  avoid  serious  degradation  of  the 
interface  strength  (eg. 4, 5).  In  the  light  of  Jong's  work  this 
implies  that  process  temperatures  and  times  lower  than  those 
noted  above  are  required  to  achieve  this  unless  diffusion  barrier 
coatings  are  employed  on  the  ceramics.  Thus  control  of  ceramic 
surfaces  and  composite  production  route  require  careful 
examination. 


Particulate  and  In  Situ  Composites 

It  is  true  for  MMCs  generally  that  the  use  of  particulate  rather 
than  fibre  reinforcement  lowers  the  maximum  volume  fraction  of 
ceramic  which  can  be  uniformly  distributed  in  the  matrix.  This, 
together  with  the  need  for  load  transfer  to  the  ceramic  via  the 
matrix  lowers  the  increases  in  modulus  and  strength  that  can  be 
achieved  in  particulate  MMCs.  In  the  case  of  titanium  based  MMCs 
generally  poor  interface  properties  and  the  greater  practical 
difficulty  of  coating  particles  compared  to  fibres  also  results 
in  poor  toughness  (normally  higher  in  particulate  MMCs  than  in 
continuous  fibre  reinforced  material).  For  these  reasons 
most  industrial  interest  centres  on  continuous  fibre 
reinforcement.  There  is  interest  in  particulate  reinforcement  to 
increase  specific  stiffness  while  retaining  the  essentially 
isotropic  behaviour  of  conventional  alloys  together  with 
acceptable  toughness  for  general  engineering  applications.  Work 
by  Clyne  and  co-workers  (4,5)  using  Sic  and  TiB,  and  a  titanium 
matrix  has  shown  that  it  is  possible  to  process  material  to  near 
full  density  with  reaction  zone  thicknesses  of  the  order  of  0.1- 
0.2pm  by  extrusion  at  900 ’C  of  canned  cold  compacts  or  by  co¬ 
plasma  spray  deposition.  Jong  et  al  ((2)  this  conference)  have 
also  shown  that  HIP  of  a  range  of  ceramics,  including  SiC  and 
TiB,  can  be  achieved  using  a  B  alloy  matrix  at  700’C  and 
producing  reaction  zones  0.2pm  or  less  in  thickness.  The  work  by 
Clyne  (4,5)  has  shown,  in  agreement  with  earlier  studies,  that 
the  modulus  and  fracture  energy  of  the  composite  are  degraded 
sharply  by  heat  treatments  that  thicken  the  zone  to  micron 
dimensions.  Fig.l  shows  a  fall  in  the  modulus  of  a  Ti/SiC 
composite  when  reaction  is  promoted  by  heat  treatment. 
Furthermore,  the  stiffness  of  both  as  fabricated  (-0.2-0. 4pm 
reaction  layer)  and  heat  treated  composites  fall  as  plastic 
tensile  strain  is  imposed.  Such  a  fall  is  not  observed  in 


compressive  loading.  This  is  consistent  with  the  interface 
opening  up  readily.  This  is  less  evident  with  Ti/TiB,.  Although 
it  is  possible  that  a  difference  in  reaction  mechanism  is  partly 
responsible  for  the  greater  resistance  of  the  Ti/TiB,  interface 
to  normal  debonding,  it  seems  likely  that  the  stresses  from  the 
volume  changes  (Table  II)  are  at  least  of  some  significance  - 
particularly  as  the  effect  continues  to  become  more  pronounced 
as  reaction  progresses.  Further  indications  that  the  reaction  in 
Ti/SiC  causes  considerable  interface  damage  can  be  found  in 
thermal  measurements.  For  example,  it  has  been  shown  (6)  that  the 
thermal  conductivity  of  the  Ti/SiC  composite  falls  off  sharply 
as  reaction  proceeds. 

Reactive  processing,  by  which  the  components  of  the  particulate 
are  brought  together  and  chemically  combined  to  produce  the 
particulate  is  well  established  v.'a  the  XDTC  process  (see  for 
example  (7)  and  application  to  titanium  aluminides  is  reviewed 
by  Kumar  (8).  Because  of  the  reactivity  problem  there  is  also 
interest  in  the  use  of  ceramics  which  can  be  brought  into 
equilibrium  with  the  metal  matrix  via  more  conventional 
processing  routes.  Loretto  and  co-workers  have  investigated  TiC- 
titanium  alloy  composites  produced  by  a  powder  route  (9).  Their 
work  has  shown  that  composites  can  be  successfully  produced.  The 
matrix  fractures  in  a  ductile  mode  and  particulate  fracture 
occurs  through  the  particles  and  not  at  the  matrix-particle 
interfaces.  Large  changes  in  the  solubility  of  titanium  in  Tic, 
as  a  function  of  temperature,  can  result  in  the  precipitation  of 
titanium  particles  within  the  Tic.  Such  ductile  precipitates  can 
be  expected  to  inhibit  the  propagation  of  cracks  through  the 
particles.  Their  work  also  points  to  the  possibility  of  producing 
a  composite  "in  situ"  by  conventional  melting  and  solidification 
of  bulk  alloys  and  exploiting  the  precipitation  of  Tic  from  the 
melt:  cast  TiC-Ti  and  TiC-Ti6%A14%V  were  prepared  and  the 
feasibility  of  producing  sub-lOOpm  particles  was  demonstrated 
(10,11).  Small  scale  experiments  in  the  laboratory  of  one  of  the 
present  authors  (HMF)  (12)  have  shown  that  arc  melted  and  cast 
alloys  can  be  hot  forged  successfully  and  that  400pm  long 
dendritic  primary  Tic  can  be  broken  up  into  ellipsoidal  particles 
of  aspect  ratio  less  than  2:1  mean  diameter  20pm.  In  samples  heat 
treated  to  cause  precipitation  of  titanium  within  the  carbide 
clear  evidence  of  crack  arrest  at  a  titanium  particles  was 
observed  (Fig. 2).  In  all  the  studies  a  strong  matrix/particle 
interface  was  observed  with  fracture  taking  place  through  the 
particles.  In  parallel  studies  Lin  and  coworkers  (13)  studied  the 
effects  of  cooling  rate  from  the  melt  on  carbide  size  and 
morphology.  Low  (5K/s)  rates  produced  coarse  (-100pm)  globular 
Tic  while  rates  up  to  950K/s  produced  fine  dendritic  TiC  which 
exhibited  much  higher  tensile  strength  and  ductility.  They  also 
noted  that  the  addition  of  6%  aluminium  inhibited  the  formation 
of  globular  TiC  and  almost  doubled  its  hardness.  This  was 
attributed  to  solution  hardening  of  the  carbide  involving  Al-C 
vacancy  binding  in  the  highly  non-stoichiometric  carbide  and 
indicates  the  importance  alloying  additions  can  have  on  the 
properties  of  the  particulate  as  well  as  the  metal  matrix. 

The  work  on  in  situ  composites  has  been  extended  to  silicides 
although  in  that  case  cracking  on  solidification  is  observed  with 
a  simple  titanium  base.  Alloying  to  produce  a  solution 
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strengthened  "near  a"  base  overcomes  this  problem,  refines  the 
silicide  eutectic  (and  alters  silicide  chemistry  (14))  and  hot 
forging  breaks  up  the  eutectic  colonies  in  hypoeutectic  alloys. 
With  strains  in  excess  of  1  uniform  dispersions  of  fine  (~lpm 
thick  and  <5pm  wide)  silicide  plates  can  be  obtained  with  a 
volume  fraction  of  20%  and  an  a  grain  size  <10pm  (Fig. 3).  Again 
fractography  indicates  excellent  particle/matrix  cohesion  with 
ductile  matrix  fracture  and  crack  propagation  through  the 
silicides.  Such  approaches  offer  the  promise  of  particulate  MMCs 
with  the  twin  advantages  that  the  particulate  dispersion  is  in 
equilibrium  with  the  metal  matrix  and  the  production  route  is 
essentially  conventional  and  avoiding  high  cost  powder  production 
and  consolidation. 

Further  refinement  in  particle  size  can  be  achieved  by  processing 
routes  involving  higher  cooling  rates.  Such  an  approach  is  being 
followed  by  Beaven  and  co-workers  in  Germany  where  a  Ti,Al  base 
is  being  employed  with  silicon.  Early  work  concentrated  on 
establishing  the  phase  equilibria  in  this  system  but  recently 
melt  spinning  (15)  has  been  employed  to  refine  the  eutectic  in 
this  candidate  Ti,(Al,Si)-Ti,(Si,Al),  in  situ  composite.  Rather 
lower  solidification  rates  of  the  order  of  10JK/s  are  typical  of 
laser  melting  of  titanium  alloy  surfaces.  Injection  of  ceramic 
particulates  into  the  melt  pool  can  be  used  to  create,  locally, 
a  composite  material.  The  work  of  Abboud  and  West  ((16)  this 
conference)  shows  sub-lOOpm  titanium  diboride  particles  injected 
into  a  titanium  matrix.  Although  the  ceramic  was  in  contact  with 
liquid  titanium  the  extent  of  the  chemical  interaction  with  the 
metal,  and  the  thickness  of  the  resultant  rim  of  TiB  around  the 
particles,  is  limited  by  the  short  process  time.  Injection  of  Sic 
has  also  been  reported  previously  (17). 

Fibre  Reinforcement 

Fibre  Coatings.  Apart  from  alumina  (which  is  too  reactive  to 
employ  in  titanium  matrices),  boron  and  carbon  the  only  widely 
available  fibre  is  silicon  carbide.  It  is,  therefore,  this 
material  which  has  received  the  greatest  attention  in  recent 
years.  In  the  USA  this  is  produced  by  Textron  as  the  well 
established  140pm  diameter  monofilament.  For  use  with  titanium 
matrices  the  SCS  6  grade  is  coated  with  4pra  of  pyrolytic  graphite 
by  chemical  vapour  deposition  (CVD)  (18).  More  recently,  in  the 
UK,  100pm  diameter  monofilament  "sigma"  fibre  has  been  produced 
by  BP  (BP  Metal  Composites  Ltd)  (19),  also  by  CVD,  and  based  on 
technology  bought  in  from  Germany.  Fig. 4 (a)  shows  a  section 
through  a  coated  sigma  fibre  with  approximately  1pm  layers  of 
carbon  and  titanium  diboride  for  use  with  titanium  matrices.  The 
relatively  tough  and  compliant  graphite  protects  the  fibre  while 
the  diboride  acts  as  a  diffusion  barrier:  in  this  case  some 
needles  of  TiB,  the  result  of  reaction  induced  by  heat  treatment, 
can  be  seen  protruding  into  the  titanium  alloy  matrix.  Sigma 
fibre  exhibits  a  tensile  strength  of  3750  MPa,  a  modulus  of  400 
GPa  and  a  density  of  3.4g/cc.  As  discussed  below,  the  composite 
manufacturing  processes  involve  conditions  of  temperature  and 
time  which  would  produce  chemical  reaction  zones  around  uncoated 
fibres  and  result  in  significant  property  degradation.  Coatings, 
as  employed  on  SCS  6  and  Sigma  are,  therefore,  essential. 
Alternative  coating  materials  including  TiSi,  (20)  and  Y-Y,Oj  (21) 
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(Fig. 4(b))  have  been  investigated  in  laboratory  studies  which 
indicated  that  these  also  offer  promise  as  diffusion  barriers. 


Composite _ Production.  A  variety  of  routes  have  been  used, 

including  (i)  foil-fibre-foil  lay-up  (ii)  powder  cloth  process 
and  (iii)  direct  matrix  deposition  onto  a  fibres  and  fibre  mats. 
These  processes  are  summarised  in  (22,23).  The  foil  method, 
involving  the  lay-up  of  fibre  arrays,  or  mats,  between  thin 
titanium  alloy,  or  aluminide,  sheets  carries  the  advantage  of 
simplicity  combined  with  minimised  risk  of  interstitial  element 
contamination  which  can  occur  when  finely  divided  metal  powder 
or  spray  is  employed.  Its  disadvantages  lie  in  the  production  of 
suitably  thin  gauges  of  sheet  («fibre  diameter),  particularly  of 
the  aluminides.  Alloys  such  as  super  a2  are  available  chemically 
milled  to  gauge.  More  recently  there  has  been  progress  in  rolling 
foil,  including  super  a2l  to  thicknesses  comparable  to 
monofilament  diameter  by  hot  pack  rolling  (24)  and  even  by  cold 
rolling  (23),  providing  a  product  of  improved  surface  finish  and 
tolerance.  Recently  a  novel  variant  of  (iii)  has  been  developed 
in  which  extremely  uniform  deposition  has  been  obtained  by 
condensation  of  electron  beam  evaporated  matrices  onto  sigma 
fibre  (25).  Both  titanium  alloys  and  aluminides  (including  TiAl) 
were  successfully  deposited  in  controlled  thicknesses  from  6  to 
65pm  which  resulted  in  fibre  volume  fractions  in  consolidated 
material  between  0.19  and  0.8.  An  example  of  the  latter  is  shown 
in  Fig. 5.  The  uniformity  of  fibre  distribution  and  avoidance  of 
fibre-fibre  contact  (known  to  be  damaging)  is  remarkable  for  such 
a  high  fibre  content.  As  in  the  other  process  routes  vacuum  hot 
pressing  (VHP)  or  hot  isostatic  pressing  (HIP)  are  reguired  to 
consolidate  the  material. 

Mechanical  Properties .  In  early  examples  of  monofilament 
reinforced  titanium  alloys  this  reaction  resulted  in  easy 
fracture  in  the  reaction  zone  at  the  matrix/ceramic  interface. 
Longitudinal  tensile  properties  are  less  affected  since  the  fibre 
is  directly  stressed.  However,  in  the  transverse  direction,  in 
which  stress  is  transmitted  to  the  fibre  through  the 
matrix/ceramic  interface  properties  were  extremely  poor  (apparent 
elastic  moduli  less  than  10%  of  that  of  the  matrix  and  tensile 
strength  little  greater) .  The  use  of  coated  fibres  has  produced 
considerable  improvements. 


TABLE  III 

Tensile  Properties  of  Ti-6Al-4V-32  vol%  Sigma  Sic  Composite 


Tensile 

Elastic 

Elongation 

Strength 

Modulus 

% 

MPa 

GPa 

Longitudinal 

1550 

215  (213.4  *) 

0.89 

Transverse 

550 

148  (168. 3‘) 

2.7 

*  Predicted  by  the  Eshelby  method  (26)  using  EMtll,-115GPa, 
E„br.=420GPa,  u„trlI=0.36  and  uflbr.*0.20. 


For  example  experimental  data  supplied  by  BP  for  a  Ti-6A1-4V 
32vol%  Sigma  fibre  composite  is  shown  in  Table  III  together  with 
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modulus  values  predicted  by  the  present  authors. 

Note  that  the  transverse  value  of  E  is  lower  than  predicted.  This 
probably  reflects  the  early  onset  of  interfacial  debonding, 
assuming  that  E  was  measured  from  a  stress/strain  curve  (NB  it 
is  possible  to  verify  this  via  ultrasonic  stiffness  measurement). 
Confirmation  of  such  debonding  is  given  by  measurement  of  Poisson 
ratio. 

Monitoring  of  the  strains  in  different  directions  during  loading 
allows  deductions  to  be  made  about  inelastic  deformation 
mechanisms.  It  may  be  noted  that  the  elastic  Poisson  ratios  of 
the  composite  can  be  predicted  from  stress  analysis  models  (27). 
For  example,  a  Ti-6Al-4V/35%SiC  monofilament  composite  is 
predicted  to  have  values  of  0.23,  0.30  and  0.39  for  u,1(  a„  and 
u„  respectively.  (The  fibres  are  aligned  in  the  1  direction  and 
the  subscript  convention  is  that  the  first  indicates  the  loading 
direction  and  the  second  the  Poisson  strain  direction.) 
Experimental  data  are  shown  in  Fig. 6.  For  the  as  fabricated 
composite  under  axial  loading  (a),  a  Poisson  ratio  close  to  the 
elastic  value  (0.30)  is  observed  up  to  a  strain  of  about  0.5%, 
above  which  it  increases.  This  presumably  corresponds  to  the 
onset  of  plastic  deformation  in  the  matrix,  which  is  expected  to 
raise  the  apparent  Poisson  ratio.  Under  transverse  loading  (b), 
the  same  specimen  again  initially  shows  a  value  close  to  that  for 
elastic  deformation  (-0.23),  but  inelastic  behaviour  sets  in  at 
a  low  strain  (-0.1%).  Beyond  this  point  the  value  of  Uj,  falls 
sharply.  This  is  consistent  with  the  onset  of  interfacial  damage, 
since  the  debonding  and  opening  up  of  interfaces  generates 
longitudinal  extension  without  the  corresponding  lateral 
contraction.  Note  the  large  strain  to  failure  ( >2% ) . 

Slightly  less  simple  to  interpret  are  the  corresponding  Poisson 
plots  for  the  heavily  heat  treated  specimens  (having  -5-6pm  total 
reaction  layer  thickness).  The  axially  loaded  plot,  Fig. 6(c),  is 
similar  to  that  of  Fig. 6(a),  but  with  the  expected  reduction  in 
ductility  and  very  limited  plastic  flow  in  the  matrix.  The  value 
of  ula  in  the  elastic  regime  seems  to  be  slightly  below  that 
predicted,  but  this  could  be  explained  on  the  basis  of  the 
changed  properties  of  the  reaction  zone  region.  The  transversely 
loaded  curve,  (d),  however,  differs  significantly  from  that  for 
the  as-fabricated  specimen,  having  substantially  higher  values 
of  I),,  in  both  regimes.  In  the  elastic  region  this  may  also 
reflect  the  elastic  properties  of  the  reaction  zone,  but  for  the 
inelastic  regime  the  change  is  presumably  due  to  the  reduced 
capacity  of  the  interface  to  open  up  without  causing  failure  of 
the  specimen. 

The  effect  of  the  development  of  the  interface  reaction  zone  on 
other  properties  is  presented  in  Fig. 7.  The  initial  increase  in 
frictional  sliding  shear  strength  rf,  was  measured  (28)  by  single 
fibre  pushout  testing.  The  observed  increase  is  probably  due  to 
a  progressive  decrease  in  the  thickness  of  the  graphitic  layer 
(29,  30).  The  relatively  sharp  increase  subsequently  may 
correspond  to  the  interface  becoming  rather  tough,  with  no 
remaining  graphitic  layer.  Tensile  strength  and  impact  energy 
measurements  are  plotted  as  a  function  of  the  thickness  of  the 
brittle  layer  (initial  TiB,  layer  +  TiB  needles).  The  observed 
reduction  in  ultimate  tensile  strength  with  increased  reaction 
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layer  thickness  can  be  attributed  to  the  eabrittllng  effect  of 
the  layer  as  noted  In  other  studies  (eg. 31, 32).  For  the  axially 
loaded  specimens,  the  reduction  in  the  strength  of  the  fibre  may 
also  have  made  a  contribution. 

Conclusions 

The  role  of  ceramic-metal  chemical  reaction  and  the  development 
of  brittle  reaction  zones  during  composite  production  is  critical 
to  the  development  of  composite  properties,  physical  and 
mechanical.  Measurement  of  fibre  pushout  stresses,  Poisson  ratio 
data  as  well  as  more  conventional  tensile  and  impact  testing  are 
very  informative  about  the  state  of  the  interface  and  the  effects 
of  increasing  reaction  zone  thickness.  In  order  to  avoid 
significant  property  degradation  reaction  zone  thicknesses 
substantially  less  than  a  micron  in  size  are  required.  This  can 
be  achieved  via  surface  coating  of  the  ceramic  and/or  changes  in 
processing  conditions  which  avoid  extended  periods  at 
temperatures  of  the  order  of  900'c  and  above.  An  alternate,  but 
less  well  explored  route,  at  least  for  particulate  reinforcement, 
lies  in  the  creation  of  the  ceramic  in  situ  and  in  thermodynamic 
equilibrium  with  the  metal  matrix.  Such  an  approach  also  offers 
the  prospect  of  a  much  lower  cost  product. 
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Figure  1.  Modulus  Degradation  on  straining  of  Ti-lOtSiC 
particulate. 


Figure  2.  Crack  arrest  at  a  Ti 
particle  in  TiC  in  a  Ti-TiC 
composite  produced  by  casting  and 
forging. 


Figure  3.  Uniform  silicide 
dispersion  in  a  near  alpha  Ti- 
silicide  composite  produced  by 
casting  and  forging. 
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CONTINUOUSLY  REINFORCED  TITANIUM  BASED  MMC’S 


PRODUCED  BY  THE  MATRIX  COATED  FIBRE  PROCESS 
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Abstract 


A  process  has  been  developed  for  the  production  of  titanium  based  fibre  reinforced  MMC’s,  where  the 
reinforcing  fibre  Is  pre-coated  with  a  thick  layer  of  the  matrix  alloy,  using  high  rate  physical  vapour 
deposition  (PVD).  The  coated  fibres  are  then  consolidated  either  by  vacuum  hot  pressing,  or  hot  Isostatic 
pressing  (HIPpIng),  to  produce  a  fully  dense  composite.  No  further  matrix  material  is  introduced. 

This  paper  describes  the  application  of  this  process  to  the  production  of  SiC  reinforced  titanium  based 
MMC's.  Different  product  forms  will  be  dea  :rihed,  including  a  Mament  wound  tube.  Recent  developments 
will  be  described  which  exploit  the  unique  features  of  the  coated  fibre  process  to  produce  novel  composite 
materials  with  enhanced  mechanical  properties. 

Comparisons  are  made  with  alternative  titanium  alloy  based  MMC  fabrication  methods. 


Introduction 

Advanced  composite  materials  based  upon  continuous  SIC  fibres  In  titanium  alloy  [1  ]  or  titanium  aluminlde 
[2]  matrices  can  lead  to  significant  Improvements  In  specific  strength  and  stiffness  of  components  at 
ambient  and  elevated  temperatures  (3|.  For  example  up  to  75%  weight  saving  Is  predicted  [2. 4]  when  a 
conventional  Tl-alloy  is  replaced  by  Ti  ■  alloy  composite  In  a  gas  turbine  compressor  disc  and  spacer 
assembly.  Composites  are  therefore  of  particular  Interest  for  the  next  generation  of  airframes,  space 
vehicles  and  power  plants. 

Composites  based  on  low  melting  point  or  non-reactlve  matrices  are  usually  made  by  melt  Infiltration  of 
fibre  bundles.  Reactive  matrices,  such  as  those  based  on  titanium  alloys,  are  limited  to  solid  state  pro¬ 
cessing  at  relatively  low  temperatures  (-  1000°C)  Various  fabrication  methods  are  under  development 
for  titanium  based  MMC's,  the  most  widely  known  being  the  foM/ftbro  (F-F)  layup  process  [2],  (Flg.t). 
Other  methods  have  used  plasma  spraying  or  alloy  powder  to  introduce  the  matrix  material  prior  to  hot 
pressing.  However,  these  processes  can  present  ma|or  problems  associated  with  matrix  selection,  fibre 
distribution  and  product  quality,  which  may  adversely  affect  mechanical  properties  and  limit  the  potential 
application  of  the  composites  for  critical  components  In  gas  turbines,  There  are  a  number  of  other  potential 
composites,  both  metallic  and  non-metalllc,  which  like  Tl-based  materials  may  be  very  difficult  to  fabricate. 
Many  of  these  disadvantages  are  avoided  by  a  composite  fabrication  process  that  Involves  coating  of  SIC 
fibres  with  a  thick  layer  of  the  matrix  by  physical  vapour  deposition  (PVD)  prior  to  consolidation. 
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The  Matrix  Coaled  Fibre  (MCR  Process 


A  new  MMC  fabrication  process  has  rteen  developed  [5]  which  uses  electron  beam  evaporation  and 
vapour  deposition  (EBED)  to  pre-coat  SIC  fibres  with  a  thick  layer  of  matrix  alloy  (Fig.1)  prior  to  con¬ 
solidation  Into  a  finished  composite.  The  matrix  material  Is  provided  entirely  by  the  coating,  thus  avoiding 
expensive  alloy  product  forms  such  as  foil,  powder  or  wire  required  for  the  other  processes.  In  addition 
to  these  obvious  benefits,  the  matrix  coated  fibre  (MCF)  process  offers  many  advantages  that  are  not 
available  with  other  composite  fabrication  methods. 

A  range  of  different  Ti-alloys  of  various  thicknesses  have  been  coated  on  SIC  monofilament  from  an  EB 
evaporation  source,  and  composites  produced  by  hot  pressing  or  HIPIng  [5].  A  scanning  electron 
microscope  (SEM)  fractograph  of  a  SIC  fibre  after  coating  with  alloy  TI-5AJ-5V,  and  fractured  In  bending 
Is  shown  in  Flg.2.  The  coating  microstructure  consisted  mainly  of  columnar  grains  typical  of  an  alloy 
vapour  deposited  at  a  low  fraction  of  Its  molting  temperature.  The  coatings  were  found  to  adhere  well  tc 
the  fibre,  and  the  coated  fibres  could  be  handled  and  bent  round  relatively  small  radii  without  any  apparent 
damage,  or  loss  of  strength.  Tensile  tests  on  single  matrix -coated  fibres  (140|im  SCS6  coated  with  25pm 
TI-6AI-4V),  which  had  previously  been  wound  on  a  20mm  diameter  spool,  gave  failure  loads  in  the  range 
59-70  N,  compared  with  51  -64  N  for  uncoated  fibre.  No  evidence  was  found  for  chemical  reaction  taking 
place  between  the  fibre  and  the  matrix  alloys  during  the  coating  process.  Matrix  oxygen  level  was  about 
2600ppm  (by  weight) 

Matrix  coated  fibres  are  partlculatly  suited  to  net  shape  technology  which  permits  the  direct  production 
of  the  final  component  shape  and  dimensions,  and  filament  winding  is  a  good  example  of  an  efficient 
fabrication  method  for  composite  components.  An  example  of  a  circumferentially  reinforced  titanium  alloy 
tube  made  from  MCF  Is  shown  in  Fig.3.  This  was  produced  by  winding  four  layers  of  TI-6AI-4V  coated  SIC 
fibre  onto  a  20mm  diameter  tube  and  Inserting  this  tube  Into  another  tube  before  sealing,  evacuating  and 
consolidating  by  hot  isostatlc  pressure  (HIP). 

Since  each  fibre  is  completely  surrounded  by  matrix  material,  the  fibre  Is  protected  during  handling  and 
the  likelihood  of  damage  to  the  fibre  is  reduced.  Furthermore,  the  volume  fraction  (Vf)  of  SIC  fibre  In  the 
finished  MMC  Is  determined  only  by  the  thickness  of  the  fibre  coating.  Consequently,  with  coated  fibres 
It  is  possible  to  obtain  MMC's  with  up  to  Vf = 80  vol%  SC  fibre.  Compared  with  the  alternative  processes 
the  consolidation  of  MCF  Is  less  damaging  to  the  fibres,  with  no  risk  of  contamination  from  organic  binder, 
and  the  spacing  of  the  fibres  can  be  exceptionally  uniform,  with  no  fibres  touching.  The  interfibre  spaclngs 
for  the  composite  shown  in  Fig.3  are  presented  in  histogram  form  In  Flg.4,  together  with  the  results  of  a 
similar  analysis  of  composites  produced  by  other  methods  (taken  from  Ref.  2).  In  the  MCF  composite  no 
fibre  spacing  was  less  than  20pm,  whereas  in  the  composites  made  by  other  techniques  a  significant 
proportion  of  fibres  were  either  touching  or  were  less  than  1 0pm  separation. 

Another  important  ath<ar.*age  of  the  MCF  process  Is  relatively  small  amount  of  contraction  associated 
with  the  consol  Matter  stage  Volume  change  during  consolidation  can  affect  not  only  the  external 
dimensions,  but  also  thelocal  stresses  imposed  on  the  fibres.  These  stresses  may  cause  flbredlsplacement 
(swimming),  compression  buckling  or  tension  falure  of  the  fibres.  For  most  vacuum  hot  pressing  or  HIPIng 
configurations  displacement  Is  only  allowed  In  one  direction  normal  to  the  fibres.  In  the  foN/flbre  lay-up 
process,  the  green  void  volume  depends  on  Vf,  foU  thickness  and  fibre  packing  geometry  given  by  ratio 
R  =  h/w,  where  h  and  w  are  the  vertical  and  horizontal  distances  between  fibres.  This  Is  Illustrated  In  Flg.5 
which  shows  the  reduction  required  along  the  normal  direction  with  Increasing  Vf.  For  a  fixed  R  In  the 
range  0.7-1 .3  the  displacement  reaches  a  maximum  of  between  19%  and  31%.  A  typical  F-F  composite 
with  Vf = 0.35  would  have  a  consolidation  contraction  of  20-25%,  depending  on  the  lay-up  geometry 
Conversely,  for  a  dose  packed  unidirectional  fibre  array  of  matrix  coated  fibres,  a  reduction  In  thickness 
of  9.3%  will  lead  to  complete  void  dosure  and  full  density  for  any  fibre  vdume  fraction. 


An  important  feature  of  electron  beam  evaporation  and  vapour  quenching  is  the  very  rapid  equivalent 
cooling  rates  that  are  obtained.  Highly  supersaturated  and  metastable  alloys  can  be  produced  and  pro¬ 
cessed  to  give  novel  microstructures  with  exceptionally  uniform  nanometre  scale  grain  microstructures 
which  may  be  Impossible  to  produce  by  any  other  means. 

The  rate  of  evaporation  from  an  electron  beam  heated  source  is  dependent  on  EB  gun  power,  source 
temperature  and  the  vapour  pressure  of  the  element  or  on  the  fugacity  of  the  elements  during  co-eva- 
poratton  of  alloys.  Co-evaporation  from  a  single  source,  with  continuous  alloy  feed  to  the  bath,  Is  only 
possible  If  the  vapour  pressures  of  the  alloying  elements  are  within  about  two  orders  of  magnitude  of  each 
other  at  the  evaporation  temperature.  However,  the  use  of  multiple  evaporation  sources  (either  EB  or 
radiant  heat)  and  vapour  mixing  allows  the  deposition  of  almost  any  alloy  combination.  For  example,  in 
the  present  study,  titanium  alloys  containing  both  high  vapour  pressure  additions,  such  as  Mg  or  Ca.  and 
low  vapour  pressure  additions,  such  as  B  or  Mo,  have  been  produced  by  the  vapour  mixing  route.  Provided 
the  vapour  flux  rates  are  not  exceptionally  high,  the  mean  free  paths  of  atoms  evaporated  from  separate 
sources  are  sufficiently  long  for  overlapping  vapour  streams  to  mix  completely  Typical  deposition  rates 
from  the  vapour  are  100-400tim/min  on  a  stationary  substrate. 

The  evidence  indicates  that  a  very  wide  range  of  materials  may  be  physical  vapour  deposited  with  a 
nanometre  grain  size  directly  on  to  fibres.  One  of  the  major  advantages  of  a  nanometre  grain  size  is  the 
exceptionally  high  tensile  ductility  combined  with  low  flow  stress  that  such  materials  exhibit  at  relatively 
low  temperatures  (6).  This  ductility  applies  to  metallic,  non-metalilc  and  ceramic  materials.  It  is  therefore 
expected  that  consolidation  of  fibres  coated  with  these  materials  will  be  possible  at  much  lower  tem¬ 
peratures  and  stresses  than  the  same  materials  In  the  bulk. 

Composite  Toughening 


Increased  longitudinal  strength  and  stiffness  is  usually  associated  with  composites.  However,  the 
toughness  depends  on  the  matrix.  Compared  with  the  unreinforced  state,  composites  with  metal  matrices 
have  much  lower  toughness  and  composites  with  brittle  matrices  (aluminkfes  and  ceramics)  have  slightly 
higher  toughness  but.  In  all  composites,  toughness  values  are  much  lower  than  the  minimum  values 
considered  acceptable  for  critical  structural  components. 

A  major  advantage  of  the  MCF  technique  when  applied  to  such  composites  may  therefore  prove  to  be 
the  ability  to  manufacture  a  graded  matrix  composition  to  minimise  thermal  stresses  or  a  mlcrdaminated 
matrix  for  toughness.  For  example,  a  titanium  and  yttrium  microlaminate  coating  on  a  continuous  SIC 
fibre  is  shown  In  Ffg.6(a).  After  consolidation  an  MMC  with  a  laminated  matrix  of  titanium  and  yttrla  is 
obtained  (Fig.6(b)).  Confirmation  of  crack  deflection  and  delamlnation  by  the  microlayers  during  fracture 
of  a  composite  is  shown  in  Fig  6(c).  These  microstructures  could  allow  better  control  over  fibre/matrix 
interface  strengths  and  specific  toughening  mechanisms  (e  g.  ductile  or  brittle  fracture)  to  be  selected 
and  optimised  for  the  matrix. 


Cost  Comparisons  of  MMC  processing  Routes 


The  size  of  the  market  for  continuous  fibre  composites,  as  for  many  new  materials,  will  be  dictated  by  the 
cost  /benefit  balance,  with  a  rapid  reduction  In  cost  predicted  as  the  market  increases.  Isolating  the  critical 
cost  factors  for  composites  under  development  is  very  difficult  clnce  much  data  Is  proprietary,  but  costs 
will  clearly  depend  on  the  particular  process  route  and  matrix  chosen. 


At  present,  costs  are  dominated  by  the  cost  of  the  fibre.  BP  carbon/boron  protected  lOOpm  SIC  fibre 
(SMI 240)  is  currently  about  £8-10, 000/Kg.  However,  Industry  estimates  suggest  that,  for  production  of 
5-10,00  Kg/year,  fibre  cost  could  fall  to  as  low  as  EfOOO/Kg. 


Both  the  fol/flbre  process  and  the  matrix  coated  fibre  process  Involve  vacuum  canning  and  hot  pressing 
to  consolidate  the  composite.  However,  the  MCF  process  may  allow  substantial  cost  savings  In  the 
pre-consolldatlon  stages,  since  the  matrix  coated  fibres  are  ideally  suited  for  automated  fie  merit  winding 
and  hot  Isostatic  pressing  of  complex  shapes  whereas  the  fol-fibre  process  involves  labour  Intensive 
laylng-up  of  fibre  mats  and  fols. 

Some  estimates  of  relative  costs  for  the  MCF  and  F/F  process  routes  are  given  in  Table  1 .  Cost  estimates 
for  the  matrix  coated  fibre  technique  are  based  on  the  RAH  45 kW  EB/MCF  plot  plant  with  a  10%  metal 
utilisation  efficiency  (ie.  10%  of  the  metal  evaporated  is  collected  on  the  fibres),  and  a  consequent  pro¬ 
duction  rate,  for  35%  SIC  coated-fibre,  of  2km/hr.  Such  a  plant  would  be  capable  of  producing  approxi¬ 
mately  350kg  of  coated  fibre  per  year  (assuming  average  plant  utlisation  of  2.5  hours/day).  Material  costs 
are  simlar  for  both  routes.  For  the  fol-fibre  process,  fol  cost  depends  critically  on  the  alloy  composition, 
ranging  from  about  £600 /Kg  for  75fim  TI-6AJ-4V,  to  over  £3000/Kg  lor  titanium  alumlnide  fol. 

The  additional  costs  associated  with  the  MCF  process  are  mainly  those  associated  with  the  capital  and 
running  costs  of  the  PVD  plant.  These  are  estimated  to  add  about  £900/Kg  to  the  cost  of  the  MMC  (based 
on  the  RAE  plot  plant).  Composite  consolidation  costs  are  particularly  difficult  to  estimate  because  of  the 
variety  of  operations  Involved.  However,  at  oresent,  In  the  fol/flbre  process,  about  12%  of  MMC  cost  Is 
attributed  to  fibre  cost  and  88%  to  fol  and  consolidation  costs  (including  plant,  labour,  proDt,  etc  ).  The 
fol/flbre  process  costs  shown  in  Table.  1  are  derived  from  the  current  commercial  price  for  BP  TI-6AI- 
4V/35%  SIC  laminate.  Fabrication  costs  for  the  MCF  route  are  likely  to  be  less  than  for  the  flbre/fol  route, 
but  by  how  much  is  unknown  at  present,  as  Indicted  in  Table.  1.  An  additional  factor  that  might  be  taken 
into  account  in  comparisons  is  the  potential  for  more  sophisticated  matrices  with  the  MCF  process;  this 
could  justify  greater  expenditure  on  MCF  plant. 

Conclusions 

For  the  consolidation  of  dose  packed  MCF,  the  deformation  required  Is  much  smaller  and  less  matrix  is 
required  to  move  shorter  distances  compared  with  the  consolidation  of  F-F  lay-ups  This  should  signifi¬ 
cantly  reduce  the  possibility  of  matrtx/flbre  Interface  damage  and  fibre  breakage  In  MCF  composites. 

Improvements  in  the  mechanical  properties  of  advanced  continuous  fibre  reinforced  composites  will 
require  research  focused  not  only  on  the  fibre/matrtx  Interface  but  also  on  the  matrix  microstructure  and 
consolidation  techniques. 

A  production  process  based  on  In-line  multi-stage  coating  of  fibre  by  PVD  could  offer  a  wide  range  of 
options  and  precise  process  control  for  the  manufacture  of  continuous  fibre  composites.  With  oxidation 
stages,  or  local  partial  pressure  gaseous  environments  the  production  of  metallic  or  non-metallic  matrices 
could  be  combined  with  a  laminated  microstructure  for  toughness.  The  PVD  technology  exists.  Although, 
plant  and  up-front  costs  are  high,  the  products  have  great  potential.  It  remains  to  be  seen  whether  the 
market  will  be  considered  sufficient  for  the  investment  required. 


References 

1 .  J  M.Yartg,  S.M.Jeng  and  C.  J.Yang,  'Fracture  Mechanisms  of  Fibre-Reinforced  Titanium  Alloy 
Matrix  Composites,  Part  l:lnterfacla!  Behaviour",  Mater  .Set  Ena.  A138  (1991).  155-190 

2.  RAMacKay,  P.K.Brindley  and  F.H.Froes,  'Continuous  Fibre-Reinforced  Titanium  Alumlnide 
Composites',  JQM.  (May  1991),  23-29. 

3.  G. Allen,  et  al„  'Benefits  of  Advanced  Materials,  Structures  and  Aerodynamics  In  Future  High 
Speed  CM  Transport  Propulsion  Systems',  In  'AlAA/AHS/ASEE  Alrcrft  Design.  Svaiama  and 
Operations  Conference'.  (Dayton,  Ohio,  American  Institute  of  Aeronautics  and  Astronautics, 
1990),  1-8. 

4  D.Drtver  'High  Temperature  Materials  for  Power  Engineering  Part  II'.  (1990)  883-902. 

5.  C.M.Ward-Qose  and  P.G.Partridge,  *A  Fibre  Coating  Process  lor  Advanced  Metal  Matrix  Com¬ 
posites'.  J.Maler.Scl.  25  (1990),  4315-4323 

6.  T.G.Nleh,  J  Wadsworth  and  F.Wakal,  'Recent  Advances  in  Superplastic  Ceramics  and  Ceramic 
Composites'.  Inter.Mater.Rev..  36  (1991),  146-161. 

(C)  Copyright  HMSO  (1992) 


Table  1  Cost  comparison  between  matrix  coated  fibre  process 
and  foil  /fibre  process 


Titanium  alloy/35%  SIC 
(E/kg  MMC) 

Matrix  Coated  Fibre 
(10%  coating  efficiency) 

Foil/fibre 

Materials 

Metal  (£30/Kg) 

200 

160-800 

Electricity  (3p/kWh) 

26 

- 

SIC  fibre  (£9000/Kg) 

2600 

2600 

Other  MMC  manufacturing 

costs 

a)  Matrix  coating  plant 

-  Labour 

460 

- 

-  Plant  depreciation 

430 

- 

(E750K  over  5  years) 

b)  Fabrication  costs  &  profit, 

x<y 

y=  14,000-19,000 

etc. 

Total 

3716 +  x 

-17,000-22,000 

2,463 
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Figure  1  -  Schematic  diagram  of  fabrication  processes 


Figure  2  • 

Scanning  electron  micrograph  of  SIC  fibre 
with  35pm  thick  T1-5AI-5V  matrix  coating 
made  by  the  MCF  process 
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Figure  3  - 

Section  through  wall  of  reinforced  tube 
made  by  winding  T-5AI-5V/SIC  MCF  and  HlPlng 
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Frequency  versus  magnitude  of  edge  to  edge  Inter-SIC  fibre  spacing. 
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Figure  5-  Contraction  normal  to  fibre  axis  during  consolidation  of  sheet  (no  displacement 
allowed  In  sheet  plane)  versus  SIC  vol.  fraction.  A  and  B  depict  vertical  and  close 
packed  arrays  of  MCF.  Effect  of  fibre  spacing  and  foil  thickness  are  also  shown. 
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(a)  Coated  fibre 


(b)  Microstructure 
of  laminated  matrix 
composite 


(c)  Evidence  of 
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in  laminated  matrix 
composite 

Figure  6- 

Titanium/  Yttrium  'aminated 
matrix  on  SiC  fibre 
produced  by  the 
MCF  process 
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Abstract 

Conventional  titanium  alloy  matrix  composites  reinforced  with  either  TiC  or  TiB 
particulates,  and  PREP  Ti-6Al-2Sn-4Zr-2Mo  matrix  composites  reinforced  with  either 
30vol  pet  HiEP  Ti-.Al  or  30vol  pet  PREP  TiAl  were  produced  using  blended  elemental 
and  preallayed  P/M  methods,  respectively.  Microstructural  characterization  of  the 
particulates,  matrix  and  reaction  zone  was  achieved  by  a  combination  of  optical  and 
scanning  microscopy.  Tensile  test  was  done  in  the  temperature  range  between  RT  and 
1123K.  The  elastic  modulus  measurement  and  the  creep  test  were  also  performed. 

The  results  demonstrated  that  the  dispersion  of  relatively  large-sized  particulates 
is  a  promising  method  for  improving  the  performance  of  conventional  titanium  alloy. 

INTRODUCTION 

One  of  drawbacks  of  conventional  titanium  alloys  is  that  the  service  temperature  is 
limited  to  600"C  due  to  a  degradation  of  tensile  strength,  creep  resistance, thermal 
stability  and  environmental  resistance[l].  Titaniun  aluminides  are  receiving  nuch 
attention  for  application  as  high  performance  materials  but  these  are  intrinsically 
brittle,  and  success  in  improving  low  temperature  ductility  while  maintaining  high 
temperature  mechanical  properties  has  been  limited.  However,  for  future  aircraft 
design, there  is  still  a  demand  for  high  temperature  titanium  alloys  having  superior 
combinations  of  mechanical  properties  compared  to  the  conventional  counterparts  in 
the  temperature  range  between  600  and  1000°C[2]. 

Fabrication  of  titanium-based  metal  matrix  composites(MMCs)  creates  considerable 
potential  for  improvement  in  various  properties.  There  are  two  basic  types  of  kNCs. 
i  e.,long  fiber  reinforced  and  particulate  reinforced.  Of  these,  development 
activities  are  currently  centered  around  SCS-6  fiber  reinforced  WrfCs[3-6]  but  these 
are  highly  anisotropic  in  properties  and  the  fabrication  is  complex  and  expensive. 
Interest  has  increased  in  particulate  reinforced  MCs  in  recent  years  because  these 
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have  isotropic  characteristics  and  can  be  processed  more  cheaply  using  the  conven¬ 
tional  tedmiques  such  as  ingot  metallurgy!!?],  casting[8-9]  and  powder  metallurgy 
[10-13],  However,  property  data  available  for  this  type  of  WCs  are  still  lacking 
Particularly,  high  temperature  tensile  data  and  comparison  with  the  unreinforced 
matrix  alloys  have  received  relatively  little  attention. 

In  the  present  study,  two  different  kinds  of  titanium  alloy-based  HJCs  containing 
relatively  large-sized  particulate  reinforcements  have  been  produced  by  the  powder 
metallurgy (P/M)  route.  Firstly,  conventional  titanium  alloy  matrix  composites 
reinforced  with  either  TiC  or  TiB  ceramic  particurates  were  produced  using  the 
proprietary  blended  elemental  (BE)  P/M  route.  Secondly,  plasma  rotating  electrode 
process(PREP)  T i-6Al-2Sn-4Zr-2Mo (T i-6242 )  matrix  composites  reinforced  with  PREP 
titanium  aluminide  powder(either  a:-Ti3Al  or  7-TiAl)  were  produced  using  the 
prealloyed  (PA)  P/M  route.  The  details  of  the  fabrication  of  the  composites  and 
the  results  of  the  microstructural  characterization  and  the  high  temperature 
tensile  tests  done  on  the  composites  and  matrix  alloys  will  be  described  in  this 
paper 


EXPERIMENTAL  PROCEDURE 


The  ceramic  particulates  reinforced  BE  P/M  composites  were  made  up  using  the  pro¬ 
cesses  of  powder  blending,  cold  isostatic  pressing(CIP) ,  vacuum  sintering  and  hot 
isostatic  pressing(HIP) .  As  can  be  seen  in  Fig.  1(a),  a  proprietary  technique  was 
incorporated  in  this  BE  P/M  method,  whereby  matrix-forming  powder  were  blended  with 
either  boron-containing  powder  such  as  FeB  or  carbon-containing  powder  such  as 
Cr3C-.  During  sintering,  these  pcwders  are  dissolved  in  the  matrix  and  the  disso¬ 
lved  and  diffused  B  or  C  a  tans  react  chemically  with  titanium  to  form  TiB  or  TiC  in 
situ  in  the  matrix.  Two  types  of  BE  P/M  composites  were  fabricated  using  this 
proprietary  technique.  One  type  of  composites,  Ti-5Al-2.5Fe  containing  15  TiB  (in 
weight  pet),  was  made  by  blending  extra  low  chlorine(ELCL)  titanium  powder(Cl<10 
ppm,  0~1000ppm,  -lOOmesh),  Al3Ti  master  alloy  powder (-150mesh)  and  FeB  powder(-325 
mesh).  The  unreinforced  Ti-5Al-2.5Fe  alloy,  which  belongs  to  high  strength  a-0 
type  alloy  and  was  developed  for  medical  application[14,15],  was  also  made  and 
tested  to  show  differences  from  the  composites.  The  other  type  of  composites,  Ti-5 
Al-(9~13)Cr  containing  (7~10)TiC,  was  prepared  using  ELCl  titanium  powder,  AlsTi 
master  alloy  powder  and  Cr3C2  powder (-32 5mesh) .  The  ALTi  and  FeB  powders  were  made 
in  our  laboratory  by  crushing  the  arc-melted  button  ingots.  The  CIP’ing  was  done 
at  400MPa  and  vacuum  sintering  were  performed  for  14.4ks  at  1573K.  Sintered  compo¬ 
sites  were  subsequently  HIP’ed  for  14.4ks  at  1203K  and  200M3a  to  produce  full  dense 
composites.  The  oxygen  content  of  the  composites  was  1450ppm. 

The  FREP  titanium  aluminides  reinforced  PA  P/M  composites  were  made  up  using  the 
processes  shown  in  Fig.  1(b).  Ti-6242  was  chosen  as  a  matrix  alloy,  which  is  most 
widely  used  high  temperature  titanium  alloy  for  use  up  to  450°C.  The  Ti-6242  alloy 
powders  were  made  by  the  PREP  apparatus  installed  in  our  laboratory.  These  PREP 
Ti-6242  powders  of  about  200  um  in  average  diameter  were  blended  with  30vol96  PREP 
Ti3Al(Ti-25Al-llNb,in  at.  96)  or  30vol%  PREP  T iAl (T i-48Al , in  at. 96)  using  V-shaped 
blender  and  subsequently  HIP'ed  for  14.4ks  at  1203K. 

The  high  temperature  tensile  tests  were  performed  in  a  vacuum  with  3.5mm  diameter 
by  16nn  gauge  length  specimens  at  a  cross  head  speed  of  0.  lnr/min  and  creep  tests 
were  done  in  air  with  4.0mm  diameter  by  25sn  gauge  length  specimens, 
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Fig.l  -  Processing  steps  for  fabrication  of  titanium  alloy-based  P/M  composites. 
EXPERIMENTAL  RESULTS  AND  DI9CUSSI0N 

Microstructure  and  tensile  properties  of  the  ceramic  particulates  reinforced  BE  P 


The  microstructure  of  a  Ti-5Al-2.5Fe  matrix  alloy  displays  a  colony  microstructure 
of  similarly  aligned  a-platelets  with  a  colony  size  of  — 1 50 >um  and  massive  a 
phase  at  the  grain  boundaries(FIG.2a) .  The  Ti-5Al-2.5Fe-based  composites  contain¬ 
ing  15  weisjit  pet  titanium  borides  result  in  microstructure  consisting  of  colony 
matrix  microstructure  with  both  needle  and  globular-shaped  TiB(Fig.2b).  These  two 
types  of  titaniun  borides  were  identified  to  be  TiB  by  X-ray  diffraction  analysis. 
The  structure  of  TiB  has  been  reported  to  be  of  the  orthorhombic  FeB  type  with  unit 
cell  of  ac,=6.12,  h-=3.06  and  c0=4 . 56  A[13],  The  reason  why  two  types  of  TiB  were 
formed  is  not  clear  at  this  moment.  It  can  be  seen  that  the  TiB  particulates  are 
distributed  reasonably  randomly  in  the  matrix.  The  morphology  of  a-platelets 
differs  sigiificantly  between  the  unreinforced  matrix  alloy  and  composites,  with 
aspect  ratio  of  the  a-platelets  being  markedly  smaller  in  the  composites.  It 
seems  that  the  length  of  each  a-platelet  is  limited  by  the  particulate  spacing. 

Titanium  carbides  formed  in  the  Ti-5Al-(9~13)Cr-based  composites  were  identified 
to  be  TiC  The  X-ray  analysis  also  revealed  a  matrix  microstructure  of  primarily  0 
phase  for  the  Ti-5A1-1 3Cr- 1 0T iC  composites  and  a- 0  two  phase  structure  for  the 
Ti-5Al-8Cr-7TiC  composites.  The  TiC  particulates  with  average  size  of  15 ^m  are 
seen  to  be  distributed  unifonnly(Fig.3) .  No  obvious  interaction  zone  is  visible  in 
both  composites  at  the  resolution  available  in  optical  and  scanning  microscopy 
However,  for  the  BE  P/M  Ti-6Al-4V/TiC  conposites,  the  formation  of  the  annulus  of 
Ti2C  arround  the  TiC  particulate  has  been  observed  when  using  T0J[11], 
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Fig. 2  -  Microstructures  of  (a)  unreinforced  BE  P/M  Ti-5Al-2.5Fe  matrix  alloy  and 
(b)  Ti-5Al-2.5Fe-15TiB  composites. 


Fig. 3  -  Microstructures  of  (a)  BE  P/M  Ti-5Al-9Cr-7TiC  composites  and  (b)  BE  P/M  Ti- 
5A 1- 1 3Cr- 1 OT iC  composites 


The  Ti-5Al-2  5Fe-15TiB  composites  achieved  remarkably  higher  elastic  modulus  at  RT, 
ISIGPa,  32pct  higher  than  that  of  an  unreinforced  Ti-6A1-4V,  114GPa[16].  Although 
the  T  i -5A 1  - 1 3Cr- 1  OT  iC  composites  also  shewed  higher  elastic  modulus.  125GPa.  this 
value  is  considerably  lower  than  that  of  the  Ti-bAl-2 . 5Fe-15TiB  composites.  This 
result  can  be  partly  attributed  to  the  fact  that  a  Ti-5Al-13Cr  matrix  alloy  is 
almost  completely  /3  type  alloy  and  this  type  of  alloy  is  known  to  exhibit  lower 
elastic  modulus[16]  compared  to  those  for  a-0  type  alloys.  The  ultimate  tensile 
strength  for  both  types  of  composites  were  superior  compared  to  the  matrix  alloys 
and  BE  P/M  Ti-6A1-4V  in  the  whole  temperature  range  examined  (Figs  4  and  5). 

However,  the  ductility  of  composites  was  significantly  lower  than  those  of  the 
matrix  alloys.  At  RT.  both  Ti-5Al-2.5Fe-15TiB  and  Ti-5Al-13Cr-10TiC  composites 
failed  in  an  brittle  manner  before  the  ultimate  tensile  strength  was  achieved  At 
temperature  above  773K,  measurable  ductility  (>3pct  elongation)  was  obtained 

Irrespective  of  the  test  temperatures,  the  fracture  surface  consists  of  small 
portions  of  cleavage  fracture  with  a  majority  of  dimpled  ductile  fracture(Fig.6a) 
Optical  micrograph  of  the  cross  section  of  tensile  test  specimen  in  the  vicinity  of 
the  fracture  area  reveal  cracking  within  the  TiC  particulates(Fig.6b)  These 
observations  indicate  that  the  cleavage  fracture  seen  on  the  fracture  surface 
correspond  to  fracture  of  the  TiC  particulate  In  addition,  most  inportantly  the 
fracture  within  the  TiC  particulate  occurred  prior  to  the  dimpled  fracture  of  the 
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surrounding  matrix  alloy  The  cracking  at  the  interface  between  the  particulate 
reinforcement  and  matrix  alloy  was  not  observed  in  the  present  composites.  This 
may  be  indicative  of  excellent  bonding  at  the  interface. 

Alternative  methods  for  fabricating  titaniim-based  MCs  using  the  BE  P/M  route  are 
possible.  One  technique  is  simply  to  blend  the  intended  ceramic  powder  or  particu¬ 
lates  such  as  TiC  and  TiB2  with  the  matrix  alloy-forming  powders.  However,  a  pre¬ 
liminary  experiment  done  at  our  laboratory  and  the  report[10]  by  other  reseachers 
revealed  that  the  commercially  available  very  small  ceramic  particulates!— l,um) 
tend  to  agglomerate,  and  the  agglomerated  cluster  of  particulates  was  the  origin  of 
the  premature  failure  during  the  tensile  test  even  at  higher  temserature.  It  is 
also  saidCIO]  that  this  “simple  blending"  technique  can  be  limited  by  interfacial 
wettability  problems,  because  the  ceramic  particulates  generally  have  an  oxide 
surface  layer  which  can  affect  the  adherence  of  the  particulate  to  the  matrix  alloy 
and  therefore  lead  to  failure  at  the  interfaced!)].  Our  proprietary  "internal 
reaction"  technique  can  avoid  these  two  intrinsic  problems.  As  seen  in  Figs  2  and 


3,  this  technique  enables  reinforcements  to  be  dispersed  reasonably  uniformly  in 
the  matrix,  which  means  that  there  is  no  macroscopic  agglomeration  of  the  FeB  or 
Cr3C:  particulates  in  the  powder-mixing  stage.  In  addition,  because  these  rein¬ 
forcements  are  formed  in-situ,  contamination  at  the  reinforcement/matrix  interface 
does  not  occur  and  hence  excellent  bonding  at  the  interface  can  be  achieved[13], 
which  enables  the  sufficient  load  transfer  from  the  matrix  to  the  ceramic  rein¬ 
forcements.  Furthermore,  the  ceramic  particulates  which  were  formed  in-situ  during 
the  sintering  process  are  expected  to  have  almost  no  macroscopic  flaws,  since  the 
ceramic  formed  in  this  manner  has  been  reported  to  be  single  crystal [9, 13].  Thus 
the  present  BE  P/M  composites  have  three  advantages, i.e. ,  reasonably  randomly 
dispersed  particulate  reinforcements,  excellent  bonding  at  the  reinforcement/matrix 
interface  aid  the  lack  of  macroscopic  flaws  within  the  ceramic  reinforcement,  over 
those  produced  by  the  "simple  blending"  method. 

Microstructure,  and  tensile  and  creep  properties  of  the  PREP  titanium  aluminides 
reinforced  PA  P/M  composites 

Both  FREP  Ti  ,A1  and  PREP  TiAl  are  seen  to  be  dispersed  quite  uniformly.  (Figs  7  and 
8) .  Photographs  at  a  higher  magnification  show  that  there  is  almost  no  reaction 
zone  seen  at  the  interface  between  PREP  Ti-6242  and  PREP  Ti3Al.  However,  a  massive 
annulus  of  reaction  zone  is  clearly  seen  around  the  PREP  TiAl  . 


The  yield  and  ultimate  tensile  strength  of  PREP  Ti-6242  matrix  alloy  is  quite  high 
at  RT,  and  decreases  monotonically  with  increasing  temperature.  The  yield  strength 
of  PREP  Ti:,Al  is  lower  than  that  of  PREP  Ti-6242  in  the  whole  temperature  range  and 
thus  the  PREP  Ti-6242  matrix  composites  reinforced  with  30vol  pet  Ti3Al  did  not 


Fig. 8  -  Microstructures  of  the  PREP  Ti-6Al-2Sh-4Zr-2Mo  matrix  composites  reinforced 


with  30  vol.pct  PREP  TiAl. 


show  any  strength  improvement  (Fig.  9) .  The  PREP  Ti-6242  matrix  composites  rein¬ 
forced  with  30vol.  pet  TiAl  exhibit  higher  yield  strength  at  temperatures  above 
873K  although  the  strength  increment  is  not  so  remarkable(Fig.lO).  No  ductility 
was  obtained  for  both  composites  at  RT,  and  fracture  of  the  composites  initiated 
within  the  PREP  titanium  aluminides. 


Temperature  /  K  Temperature  /  K 

Fig. 9-Temperature  dependence  of  YS  Fig.  10-Temperature  dependence  of  YS 
of  PREP  Ti:,Al  reinforced  PA  P/M  of  PREP  TiAl  reinforced  PA  P/M 

canposites  and  matrix  alloy.  composites  and  matrix  alloy. 

The  above  indicates  that  titanium  aluminides  are  not  effective  short  time  strength¬ 
ening  reinforcements.  However,  contrary  to  this,  the  creep  resistance  of  the  PREP 
Ti-6242  was  greatly  improved  especially  by  the  presence  of  PREP  TiAl, as  shown  in 
Fig. 11. 

Fig.  12  summarizes  the  creep  properties  of  both  BE  and  PA  P/M  composites,  and  matrix 
alloys  obtained  by  the  present  study.  It  is  demonstrated  again  that  the  dispersion 
of  particulates  which  have  higher  tensile  strength  and/or  higher  elastic  modulus  is 
an  effective  method  for  improving  the  creep  properties  of  conventional  alloys 
especially  in  the  longer  time  range. 
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CONCLUDING  REMARKS 

The  present  study  demonstrates  that  the  uniform  dispersion  of  particulates  which 
have  superior  high  temperature  properties  relative  to  the  matrix  alloys  is  an 
effective  method  for  improving  properties  such  as  elastic  modulus,  and  tensile  and 
creep  strength  of  conventional  alloys.  However,  the  composites  produced  in  this 
study  showed  poor  ductility  at  RT.  Because  the  fracture  initiated  from  the  cracking 
within  the  reinforcements,  it  may  be  reasonable  to  consider  that  the  size,  morpho¬ 
logy,  and  volume  fraction  of  the  reinforcements  is  mainly  responsible  for  the  per¬ 
formance  of  the  composites  under  tensile  condition.  In  fact,  it  is  reported  that 
the  tensile  strength  of  the  TiC  reinforced  Ti  composites  is  mostly  sensitive  to  the 
size  of  the  reinforcing  particles[9] .  Therefore  it  will  be  suggested  that  further 
refinement  of  the  reinforcements  through  fabrication  modifications  such  as  the  use 
of  much  smaller  starting  powder  materials,  may  lead  to  additional  improvement  in 
the  room  temperature  tensile  ductility  of  these  composites. 
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SELECTIVE  REINFORCEMENT  OF  INVESTMENT  CAST  TITANIUM  COMPONENTS 


VIA  BICASTING 
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Abstract 

Casting  experiments  were  conducted  to  evaluate  the  selective  reinforcement  of 
investment  cast  Ti-6AI-4V  alloy  with  titanium  metal  matrix  composite  preforms.  These 
experiments  were  designed  to  examine  the  effect  of  metal  to  preform  area  ratio  relative 
to  erosion  of  the  preform  during  casting  and  fiber  degradation  as  a  result  of  the  thermal 
exposure.  The  results  of  the  casting  trials  revealed  that  significant  erosion  of  the  MMC 
preforms  and  associated  fiber  damage  occurred  at  area  ratios  above  10  to  15. 
However,  at  area  ratios  below  10,  the  MMC  preform  acted  Lke  a  chill  within  the  mold 
cavity  and  no  erosion  of  the  preform  was  evident.  Extracted  fibers  from  these  castings 
showed  limited  strength  degradation  only  near  the  casting  downfeed  where  the  thermal 
exposure  (time/temperature)  was  greater.  Excellent  metallurgical  integrity  was  obtained 
at  the  preform/casting  interface  after  casting  and  HIP  processing,  with  only  minor  solid- 
state  interactions  observed  at  sites  where  machined  fibers  were  exposed  to  the  matrix. 
These  experiments  clearly  demonstrated  that  bicasting  can  be  used  to  selectively 
reinforce  or  stiffen  investment  cast  titanium  components. 

Introduction 

Components  for  aerospace,  automotive,  and  similar  service  applications  have  been 
subjected  to  the  ever  increasing  demand  for  improvement  in  one  or  more  mechanical 
properties,  such  as  tensile  strength,  stiffness,  fatigue  life,  or  resistance  to  impact 
damage.  At  the  same  time,  the  goals  of  maintaining  or  reducing  component  weight  are 
targeted. n-11  Titanium  matrix  composite  materials  have  the  potential  to  meet  the 
mechanical  property  requirements  of  many  advanced  structural  applications;  however, 
these  materials  often  are  not  cost  effective  to  produce  as  near  net-shape  components. 
Howmet  has  devoloped  a  more  cost  effective  method  to  selectively  reinforce 
geometrically  complex  titanium  investment  castings  using  a  process  called  bicasting. 

Bicasting  offers  a  low  risk  method  of  introducing  titanium  matrix  composites  into 
structural  turbine  engine  components.  It  combines  investment  casting,  which  is  a  low 
cost  method  of  producing  complex  shapes,  with  high  performance  metal  matrix 
composite  materials.  A  primary  advantage  of  bicasting  is  its  utilization  of  conventional 
titanium  casting  practice.  For  many  operations  bicast  components  can  be  post-cast 
processed  in  batches  with  conventional  titanium  castings  using  current  production 
facilities. 
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There  ere  four  mejor  steps  to  bicasting:  (1)  mold  manufacture,  (2)  preform  fabrication, 
(3)  casting,  and  (4)  post-cast  processing  and  inspection.  Figure  1.  Investment  molds 
are  manufactured  by  coating  a  wax  replica  pattern  with  multiple  layers  of  ceramic 
slurries  and  subsequently  removing  the  wax  by  firing.  A  preform  is  placed  within  the 
mold  cavity  such  that  it  lies  within  the  component  section  intended  to  be  reinforced. 
The  preform  geometry,  composition,  and  fabrication  method  can  be  tailored  to  the 
desired  mechanical  property  improvements.  Except  for  a  slight  modification  to  permit 
placement  of  the  preform  inside  the  mold  cavity,  bicast  molds  are  identical  to  production 
titanium  molds.  Because  of  titanium's  reactivity,  melting  is  performed  using  vacuum  arc 
remeiting  (VAR)  of  consumable  electrodes  into  water  cooled  copper  crucibles.  The 
preform  subsequently  is  surrounded  by  the  cast  metal  which  then  solidifies,  embedding 
it  into  the  component.  The  components  then  are  processed  using  conventional  titanium 
practice  including:  chemical  milling,  hot  isostatic  pressing  (HIP),  weld  repair,  heat 
treating,  and  inspection. 

There  ere  several  technical  challenges  which  must  be  surmounted  to  produce  a  sound 
bicast  component.  For  example,  the  preform  must  be  fixed  in  place  to  achieve  required 
location  tolerances.  Mold  fill  can  be  greatly  influenced  by  preform  position  and  gating 
design.  A  minimal  preform/mold  wall  clearance  is  necessary  to  ensure  that  molten  metal 
completely  fills  the  mold.  The  in-rush  of  molten  titanium  into  the  mold  cavity  may  shift 
the  preform  out  of  position  and  result  in  poor  dimensional  integrity  or  even  cause 
surface  contact  of  the  preform.  Thus,  the  preform  must  be  fixtured  so  that  it  remains 
in  position  during  casting.  In  addition,  the  preform  must  not  be  significantly  eroded  by 
the  cast  metal  and  the  final  casting  must  be  sound  (crack  and  inclusion  free).  There  also 
must  be  a  metallurgically  sound  preform-to-cast  metal  bond  after  casting  and  HIP 
processing.  Lastly,  the  MMC  preform  fibers  must  not  be  damaged  during  casting  and 
subsequent  thermal  processing.  Mold  gating  systems  are  designed  to  minimize  hot 
metal  flow  onto  the  preform  to  minimize  erosion  and  fiber  damage  during  casting. 
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Figure  1  -  Bicasting  Process  Schematic. 


Discussion 


MMC  Preform  Fabrication 

Fabrication  of  metal  matrix  composite  preforms  for  bicasting  can  be  accomplished  via 
any  one  of  several  existing  processing  routes,  including  foil/fiber/foil  methods  or 
induction  plasma  deposition  (IPD)  methods.111  The  final  configuration  of  the  preform  will 
depend  on  the  design  requirements  for  the  cast  component  to  be  reinforced.  However, 
the  preforms  generally  will  require  some  degree  of  machining  in  order  to  fit  the  casting 
cavity. 

Bicastina  Process  Development 

Preliminary  casting  efforts  were  conducted  to  identify  critical  processing  variables  and 
establish  suitable  processing  windows.  One  important  variable  was  the  erosion 
characteristics  of  the  MMC  preforms  during  casting.  An  experiment  was  designed  to 
examine  the  effect  of  the  ratio  of  MMC  preform  to  cast  metal  cross-sectional  area  on 
preform  erosion  and  fiber  damage  in  an  effort  to  establish  the  upper  limits  of  the 
process.  The  experiment  consisted  of  several  duplicate  molds  containing  10  cm  wide 
by  23  cm  long  cast  slabs  varying  in  thickness  from  1 .5  cm  to  5.5  cm.  Twenty-four  ply 
multilayered  SCS-6/Ti-6242  MMC  preforms,  0.5  cm  thick  by  2.2  cm  wide  and  1 8.2  cm 
long,  were  HIP  fabricated  from  8-ply  panels  produced  by  Textron  through  an  Air  Force 
program  (Contract  F33615-89-C-5/08).  These  preforms  were  placed  inside  the  molds 
and  the  molds  centrifugally  cast  in  Ti-6AI-4V  at  Howmet.  All  the  slabs  were  bottom 
gated  to  minimize  erosion  effects.  The  area  ratio  of  the  cast  metal  to  MMC  preform 
varied  from  13.4  to  49.1  in  the  cast  slabs.  After  casting,  the  individual  slabs  were 
radiographically  inspected  to  verify  the  location  of  the  preforms.  The  slabs  then  were 
HIP  processed,  and  the  cast  metal/preform  interface  was  examined  microstructurally 
near  the  gating  2.5  cm  from  the  bottom  of  the  MMC  preform  to  determine  the  extent 
of  interaction.  The  larger  cast  slabs  having  a  metal/MMC  preform  ratio  of  49. 1  showed 
complete  dissolution  of  the  preform,  while  the  intermediate  size  slabs,  having  a 
metal/MMC  preform  ratio  of  26.7,  only  showed  dissolution  of  the  first  several  layers  of 
reinforcement.  Erosion  of  the  MMC  was  most  severe  in  those  areas  adjacent  to  the 
gating  in  the  casting  mold  which  represents  the  hottest  area  in  the  cast  slab.  Some 
thermally  induced  porosity  (TIP)  also  was  noted  in  the  MMC  matrix  adjacent  to  those 
regions  where  fiber  dissolution  occurred,  as  shown  in  Figure  2. 

The  cast  slabs  having  the  lowest  cast  metal  to  MMC  preform  area  ratio  (1 3.4)  generally 
showed  complete  survival  of  the  preform,  although  some  solid-state  interaction  was 
evident  where  the  fibers  were  exposed  by  machining,  as  shown  in  Figure  3.  Bonding 
at  the  preform/casting  interface  was  excellent  in  these  cast  and  HIP'ed  slabs  as 
evidenced  by  random  grain  growth  across  the  interface.  The  observed  fiber/matrix 
interactions  became  greater  as  the  thermal  exposure  experienced  by  the  preform  became 
more  severe.  However,  even  in  the  samples  where  the  metal/MMC  ratio  was  lowest, 
there  was  evidence  of  increased  fiber/matrix  interaction  relative  to  the  as  received  MMC 
material.  At  the  higher  metal/MMC  ratios  substantial  fiber  damage  was  evident, 
including  complete  fiber  dissolution  and  the  formation  of  TIP  porosity  in  the  matrix. 


Figure  3  -  Bicast  slab  showing  minimal  fiber/matnx  interactions  at  machined  surfaces 


only.  Sound  metallurgical  bonding  was  obtained  at  all  preform/casting 
interfaces. 


Another  group  of  MMC  preforms,  fabricated  at  GE  using  IPD  processing  and  consisting 
of  multiple  plys  of  SCS-6  reinforced  Ti-6242,  were  used  in  additional  bicasting  efforts. 
The  preforms  were  held  in  place  in  specially  designed  molds  using  proprietary  process 
methods  and  centrifugally  cast  in  Ti-6AI-4V  at  Howmet  Following  casting  and 
conventional  HIP  processing  at  900' C,  each  component  was  radiographically  inspected 
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to  establish  the  position  of  the  preform  within  the  component.  Selective  metallography 
subsequently  was  conducted  on  one  component  to  examine  interactions  between  the 
MMC  preform  and  cast  matrix.  The  results  of  these  examinations  indicate  the  MMC 
preform  acted  much  like  a  chill  block  within  the  casting  cavity,  as  shown  in  Figure  4. 
with  no  erosion  occurring  even  in  the  regions  adjacent  to  the  downfeed  gating. 
Moreover,  positioning  of  the  preform  within  the  casting  cavity  was  within  0.04  cm  of 
centerline. 


Figure  4  -  Bicast  component  showing  a  machined  MMC  preform  after  casting  and  HIP 
processing.  No  erosion  of  the  preform  was  evident. 

As  noted  previously,  there  were  some  solid-state  reactions  in  regions  where  the  fibers 
were  machined  and  the  SiC  fiber  exposed.  However,  these  interactions  were  minor  with 
only  small  diffusion  zonns  evident.  Figure  5. 


Figure  5  •  MMC/castmg  interface  after  bicastmg  and  HIP  processing.  Only  solid-state 
interactions  were  observed  where  machined  fibers  were  exposed. 


As  was  noted  previously,  greater  degrees  of  diffusion  and  increased  fiber/matrix 
interactions  were  observed  in  the  regions  of  the  casting  adjacent  to  the  downfeed  gating 
which  are  known  to  be  hotter.  Calculation  of  the  metal  to  MMC  area  ratios  in  the 
component  cross  section  showed  them  to  range  from  approximately  1 5  near  the  hot  end 
to  6  in  the  center  of  the  axial  length  of  the  casting.  To  further  clarify  effects  on  the 
fiber  strength,  preform  sections  were  selectively  water  jet  cut  from  the  casting  after  HIP 
and  the  matrix  etched  away  from  the  fibers  using  an  H20/HN03/HF  solution.  The  fibers 
were  then  tensile  tested  by  individual  row  (20  tests/row)  and  the  strength  of  the  outer 
rows  were  compaied  to  each  successive  row  until  strength  levels  were  uniform.  One 
MMC  sample  was  removed  from  the  hottest  area  adjacent  to  the  downfeed  gating  and 
another  was  taken  from  an  area  away  from  the  downfeed  gating.  The  results,  shown 
below  in  Figure  6,  indicate  that  some  fiber  strength  degradation  does  occur  in  the  hotter 
regions  of  the  casting  near  the  downfeed  gating,  with  fiber  tensile  strengths  being 
reduced  by  about  50%.  This  effect,  however,  was  limited  to  only  the  first  4  to  5  rows 
of  fiber  in  the  preform.  The  fiber  strengths  in  the  colder  regions  of  the  casting  were 
unaffected  by  the  processing  conditions  used  in  this  casting  experiment.  Testing 
limitations  did  not  allow  the  modulus  of  these  fibers  to  be  determined. 
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Figure  6  -  Fiber  strength  vs.  preform  location  in  a  bicast  component. 


Summary 

A  new  process,  called  bicasting,  has  been  developed  by  Howmet  to  selectively  reinforce 
investment  cast  titanium  components  for  turbine  engine  applications.  Bicasting 
combines  investment  casting,  which  is  a  low  cost  method  of  producing  complex  shapes, 
with  high  performance  MMC  materials.  The  process  is  dependent  on  the  relative  ratio 
of  the  cast  metal  to  MMC  area,  with  high  cast  metal/MMC  area  ratios  showing  partial 
or  complete  dissolution  of  the  MMC  preform  by  the  molten  metal.  However,  at 
metal/MMC  area  ratios  below  1 0  to  1 5 ,  the  process  becomes  very  viable,  with  the  MMC 
material  behaving  like  a  chill  within  the  casting  cavity  and  little  or  no  fiber  damage  being 
observed.  Thus,  the  potential  to  selectively  stiffen  or  strengthen  investment  cast 
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titanium  components  for  advanced  turbine  engine  applications  via  bicasting  is  very 
promising.  Efforts  currently  are  underway  to  examine  selective  stiffening  of  specific 
turbine  engine  components. 
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ABSTRACT 

An  investigation  has  been  made  using  high  power  C02  lasers  in  both  continuous  and 
pulsed  modes  to  produce  composite  materials  either  in  the  form  of  surface  layers  on 
titanium  substrates  or  as  small  pellets.  In  the  first  method  the  ceramic  particles  (i.e.  TiB2 
and  SiC )  were  injected  into  the  laser  melted  zone  of  a  p  Ti-15V-3Al-3Cr-3Sn  alloy.  The 
second  method  involved  laser  melting  of  premixed  p-titanium  alloy  powder  with  20vol.% 
of  a  ceramic  (TiB2,  SiC,  B4C,  or  BN)  or  a  mixture  of  Ti+Al+SiC.  The  effect  of  some 
laser  processing  parameters  on  the  dimensions  of  the  composite  surface  layers  and  pellets 
has  been  studied.  Microstructural  and  compositional  examinations  of  the  composites 
showed  that  the  ceramic  particles  were  partially  dissolved  and  enrichment  of  the  melt  zone 
with  the  products  of  the  dissolution  of  the  ceramic  particles  occurred;  in  some  cases 
virtually  complete  dissolution  of  the  ceramic  particles  was  observed  particularly  with 
ceramic  particle  sizes  of  -  10pm.  The  injection  of  TiB2  into  the  laser  surface  melted  zone 
of  Ti-15V-3Al-3Cr-3Sn  alloy  or  laser  melting  of  the  alloy  powder  with  20%vol  TiB2 
leads  to  a  partial  dissolution  of  TiB2  and  to  the  formation  of  TiB  at  the  ceramic  /  matrix 
interfaces  and  in  the  matrix.  The  injection  of  SiC  particles  into  the  laser  melted  zone  of  p 
Ti  alloy  or  laser  melting  of  the  alloy  with  SiC  leads  to  the  formation  of  TiC  dendrites  at 
the  SiC  /  matrix  interface  and  in  the  matrix,  and  to  the  enrichment  of  the  matrix  with 
silicon.  Also  laser  melting  of  pTi  alloy  with  B4C  leads  to  the  formation  of  TiC  and  TiB 
crystals  in  a  p  Ti  phase.  The  microhardness  of  the  composite  layers  and  the  pellets 
ranged  between  -  500  and  lOOOHv  depending  on  the  type  of  the  ceramic  and  the  extent  of 
dissolution . 
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1. INTRODUCTION 

The  use  of  high  power  CW  C02  lasers  in  producing  composite  surface  layers  has  been  the 
subject  of  several  investigations  [e.g.  1-5].  Ayers  et  al  [1,2]  injected  TiC  particles  into  the  laser 
melted  zone  of  various  titanium  substrates  including  Ti-6A1-4V  alloy  and  the  surface  hardening 
was  interpreted  as  due  to  the  partial  dissolution  of  TiC  particles  and  the  formation  of  TiC 
dendrites  in  the  matrix;  also  the  wear  rate  decreased.  Abbas  and  West  [3]  used  the  injection  of 
SiC  or  a  mixture  of  SiC  and  Stellite  into  mild  steel  to  increase  the  surface  hardness  and  improve 
the  wear  resistance.  Recently,  the  injection  of  SiC  into  the  laser  melted  zone  of  commercial 
purity  titanium  and  Ti-6A1-4V  alloy  has  been  investigated  [4,5]. SiC  panicles  were  panially 
dissolved  and  the  matrix  consisted  of  manensite  (cO.TijSij  and  TiC  and  had  a  hardness  of  - 
600Hv. 

A  technique  developed  by  Weerasinghe  [6]  produces  composites  as  small  rapidly  solidified 
"pellets"  by  placing  material  in  powder  form  in  a  recess  in  a  copper  block,  and  melting  using  a 
pulsed  laser.  The  use  of  mixtures  of  metallic  and  ceramic  powder,  with  appropriate  process 
control  allows  panial  solution  of  the  ceramic  and  the  formation  of  composite  pellets:  such 
pellets  could  potentially  be  consolidated  by  a  solid  state  processing  route  such  as  HIPing. 
Weerasinghe  has  investigated  various  systems,  including  mixtures  of  titanium  and  TiC. 

The  present  paper  is  concerned  with  microstructural  and  compositional  features  and  hardness 
of  composites  based  on  a  (5-Ti  alloy  (Ti-15V-3Ai-3Cr-3Sn)  and  on  a  mixture  of  Ti-30at%Al, 
produced  as  surface  layers  and  /  or  as  pellets.  Results  are  also  reported  on  the  relation  between 
the  dimensions  of  the  processed  samples  and  the  laser  processing  parameters. 

EXPERIMENTAL  PROCEDURE 
A  2kW  and  a  5kW  C02  laser  were  used.Particles  of  TiB2  or  SiC  with  average  particle  sizes  of 
~  60pm  and  150pm  respectively,  were  blown,  under  a  stream  of  argon,  into  the  laser  melted 
zone  of  pTi  alloy  (Ti-15V-3Al-3Cr-3Sn)  in  the  form  of  sheet  of  1-3  mm  thickness.  An 
effective  argon  shrouding  system  was  used.A  series  of  single  tracks  were  produced  at  different 
traverse  speeds  and  powder  flow  rates. 

A  lkW  C02  laser  was  operated  in  pulsed  mode  to  produce  composite  pellets  as  described 
above.  pTi  alloy  (15-3-3-3)  powder  with  20vol.%  of  either  TiB2,SiC,  B4C  or  BN  with  average 
particle  sizes  of  -10,150,40,  and  10pm  respectively, were  used;  also  pellets  were  produced 
from  a  mixture  of  CPTi+30at%Al+20vol%SiC.The  process  was  carried  out  under  an 
atmosphere  of  argon. Partial  solution  of  the  ceramics  was  achieved  with  the  exception  of  the 
BN;  in  this  latter  case  the  small  particle  size  resulted  in  virtually  complete  solution  Transverse 
sections  of  composite  surface  layers  and  of  pellets  were  metallographically  prepared.X-ray 
diffractometry  was  carried  out  using  Cu  Ka  radiation.  SEM-EDS  analysis  with  a  ZAF 
correction  was  used  for  compositional  analysis.The  boron  and  carbon  contents  were  calculated 
by  subtracting  the  total  analysed  proportions  of  other  elements  from  100%;  the  composition  of 
the  substrate  before  laser  treatment  was  used  as  a  reference  standard.Thin  foils  from  the  surface 
layers  were  prepared  as  previously  described  [5].Thin  foils  were  also  obtained  by  grinding 
relatively  large  pellets  from  both  sides  until  -  150  pm  thickness  was  obtained,  and  then 
following  the  previously  reported  procedure  [5].  Microhardness  measurements  were  made 
(500g  load)  on  the  matrix  of  the  composites. 


3.RESULTS 

.3.1  Composites  in  the  form  of  surface  layers 

3.1.1  B  Ti  alloy  injected  with  TiBi 

Fig.l  shows  the  structure  of  the  PTi  alloy  (Ti-15-3-3-3)  injected  with  TiB2  at  1.8kW  laser 
power,  3mm  beam  diameter,  8.1mm/s  traverse  speed  and  0.0546g/s  powder  flow  rate.  The 
laser  melted  zone  showed  a  conduction  limited  shape  and  contained  a  reasonably  uniform 
distribution  of  partially  dissolved  TiB2  with  a  rim  of  a  reaction  product  (grey  in  Fig.  lb).  The 
matrix  had  a  hardness  of  -  525±25Hv  and  consisted  of  particles  (grey)  of  plate  /  needle  like 
shape  in  a  background  of  a  light  coloured  phase.  X-ray  diffraction  data  showed  the  presence  of 
P-Ti  phase  (bcc)  and  TiB  (orthorhombic)  in  addition  to  the  undissolved  TiB2  (hexagonal).  EDS 
analysis  of  the  particles  in  the  matrix  and  around  the  undissolved  TiB2  was  consistent  with 
TiB.  Increasing  the  traverse  speed  from  8.  lmm/s  to  20mm/s  led  to  a  decrease  in  the  zone  width 
from  3.25  to  1  9mm  and  to  a  decrease  in  the  thickness  from  0.66  to  0.2mm. 
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Fig.2a  shows  a  typical  microstructure  of  a  P-Ti  alloy  sample  laser  surface  melted  (3kW, 
5mm,  7mm/s)  without  ceramic  particle  injection.  Columnar  grains  have  grown  epitaxially 
from  the  coarse  (5  grains  in  the  heat  affected  zone.  The  cellular  /  dendritic  structure,  of  average 
cell  /  dendrite  spacing  -  5  to 

10pm  is  indicative  of  cooling  rates  of  the  order  of  103  ‘C/s  [7].  Fig.2b  shows  the  same  alloy 
after  injection  with  SiC  particles  at  O.lSg/s.  The  melted  zone  is  free  from  cracks  and  porosity; 
SiC  segregates  to  the  top  of  the  melted  zone.  TiC  dendrites  nucleated  at  the  SiC  /  matrix 
interfaces  (Fig.2c).  Enrichment  of  the  matrix  with  respect  to  silicon  and  carbon  ocurred.The 
upper  part  of  the  processed  zone  matrix  contained  4wt%Si,  and  the  structure  showed  a 
lamellar  eutectic  of  (p+Ti5Si3)  with  associated  small  TiC  particles;  there  were  some  primary 
TiC  dendrites.  In  the  lower  part  of  the  processed  zone  the  matrix  contained  only  ~  1.5wt%Si, 
and  the  structure  was  predominantly  p+TiC;  the  latter  occurred  in  dendritic  and  in  lenticular 
form  (Fig.2d).SADP's  from  the  TiC  were  indexed  as  fee  crystal  structure  while  the  remainder 
of  the  structure  was  p+w.  STEM  analysis  of  the  carbides  showed  the  presence  of  2wt%  V. 
The  hardness  ranged  from  -  580Hv  in  the  upper  region  to  -  480Hv  in  the  lower  region. 
Increasing  powder  flow  rate,  while  maintaining  other  parameters  constant,  led  to  increases  in 
the  volume  of  the  processed  layer  and  to  the  level  of  the  enrichment  with  Si  and  C. 

11  Composites  ia .the  farm. .of  pellets 

3.2.1  B-Ti  alloy 

Fig  3a  shows  a  typical  nearly  spherical  shape  of  a  pellet  produced  by  laser  melting  of  the  pTi 
alloy  powder  at  800W  and  O.OSs.Two  diametral  measurements  on  a  pellet  typically  showed 
differences  of  ~  0.1mm  on  a  total  of  ~  1.8mm.  There  was  a  trend  for  the  number  of  pellets 
produced  per  pulse  to  increase  with  beam  diameter  and  this  may  be  due  to  a  change  in  the 
power  distribution  with  increasing  beam  diameter.  Attempts  to  reveal  the  microstructure  of  the 
surface  of  the  pellet  by  SEM  were  unsuccessful.The  microstructure  of  a  transverse  section 
consisted  of  single  phase  p  with  grain  sizes  ranging  between  ~  10  and  20pm;  an  indication  of 
columnar  growth  from  the  pellet  surface  is  seen.  Cellular  /  dendritic  structures  were  observed 
within  the  p  grains;  the  average  spacing  was  -  5pm  suggesting  a  cooling  rate  of  the  order  of 
103  °C/s.  The  pellet  size  increased  with  increase  in  pulse  time  (Fig.3b)  and  the  cell  /  dendrite 
spacing  decreased  indicating  a  decrease  in  cooling  rate. 

11* 2 — B  Ti  alloy  /  1UU. 

The  microstructure  of  a  pellet  produced  from  a  mixture  of  pTi  alloy  powder+20vol.%TiB2, 
laser  melted  at  800W,  3mm,  and  0.5s  showed  that  the  TiB2  particles  were  partially  dissolved 
and  the  microstructure  of  the  matrix  (  -  500Hv)  showed  needle-like  crystals  (identified  by 
EDS  as  TiB)  dispersed  in  p  Ti  phase  (Fig.4a).X-ray  diffraction  peaks  agreed  with  p  Ti  and 
orthorhombic  TiB  in  addition  to  the  hexagonal  TiB2.  TEM  examination  showed  that  the  TiB 
particles  contained  a  high  density  of  dislocations  and  stacking  faults  (Fig.4b).STEM  analysis 
showed  that  the  TiB  contained  -  10wt%  of  vanadium.  SADP  analysis  showed  the  presence  of 
TiB,  p  and  w. 

3.2.3.  B  Ti  alloy  /  BdC  or  BN 

The  microstructure  of  a  pellet  produced  from  a  mixture  of  the  pTi  alloy+20vol.%B4C,  laser 
melted  at  800W,  3mm,  and  0.3s  is  shown  in  Fig.Sa.  Most  of  the  B4C  particles  had  dissolved 
leading  to  a  hardness  of  -  490±10Hv.  The  matrix  microstructure  consisted  of  p  phase 
containing  dendrites  (light  grey),  and  faceted  plates  (dark  grey);  these  dendrites  and  plates  also 
formed  at  the  interface  of  undissolved  B4C  particles.  EDS  analysis  showed  that  the  dendrites 
were  TiC  while  the  faceted  plates  were  TiB,  the  latter  containing  a  high  proportion  of  V.  TEM 
and  STEM  analysis  showed  that  the  TiC  and  the  TiB  contained  dislocations  (Fig.5b)  and  TiC 
contained  V  up  to  2wt%,  while  TiB  contained  -  10wt%  V.SADP  analysis  showed  p  and  to 
phases,  fee  TiC  dendrites  and  orthorhombic  TiB. 

With  the  BN,  and  with  the  laser  parameters  used  ,  virtually  all  the  ceramic  particles  went  into 
solution;  the  structure  showed  a  mixture  of  Ti-dendrites  (rich  in  nitrogen)  and  TiB.The 
hardness  was  -  lOOOHv. 

3.2.4  BTi  alloy  /  SiC 

The  microstructure  of  a  pellet  produced  from  a  mixture  of  p  Ti  alloy+20vo!.%SiC,  laser 
melted  at  800W,  3mm,  and  0.5s,  is  shown  in  Fig.6.The  SiC  particles  were  partially  dissolved 
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and  dendrites  were  nucleated  at  the  SiC  /  matrix  interface  and  in  the  matrix.  The  matrix 
(hardness  -  565+lOHv)  consisted  of  0  dendrites  and  interdendritic  regions  showing  a  lamellar 
eutectic  of  p+Ti5Si3  and  also  panicles  of  TiC,  coexisting  with  the  eutectic.  EDS  X-ray 
analysis  data  at  different  locations  is  presented  in  Table  1. 

Table  1  :  EDS  X-ray  analysis  (wt%)  of  0Ti  /  SiC  pellet  processed  at  800W,  3mm,  and  0.5s. 


Position 

Ti 

V 

Cr 

A1 

Sn 

Si 

C 

Matrix  * 

70.5 

14.5 

2.6 

3.5 

-2.0 

Ti,  dendrite  ** 

73.5 

15.0 

3.0 

3.5 

3.5 

1.5 

-0 

Eutectic  region+ 

70.5 

13.0 

3.0 

2.5 

2.5 

8.0 

-0.5 

*  Area  analysis  including  Ti  dendrites,  eutectic  regions  and  TiC  particles,  **  point  analysis,  + 
area  analysis  mainly,  p+Ti5Si3 

LLL  lUQatftAl.  /  SiC 

Fig.7a  shows  a  typical  structure  of  a  pellet  produced  from  a  powder  mixture  of  (Ti-30at%Al) 
+20vol.%SiC  (75pm  panicle  size),  laser  melted  at  800W  power,  3mm  beam  diameter, and 
0.9s  pulse  time.  The  average  pellet  diameter  was  ~3mm  and  the  SiC  panicles  were  nearly 
uniformly  distributed.SiC  panicles  had  partially  dissolved  and  a  rim  formed  interpreted  as 
consisting  of  a'2+TiC;  enrichment  of  the  matrix  (~580Hv)  with  silicon  and  carbon  had 
occurred.X-ray  diffraction  analysis  showed  some  peaks  corresponding  to  Ti3Al  (02)  as 
reported  by  Goldak  and  Parr  [8]  with  other  peaks  corresponding  to  TiC.TEM  examination 
showed  that  the  microstructure  consisted  of  lath  type  martensite  surrounded  by  a  eutectic.The 
laths  contained  APB's  characteristic  of  a2',and  also  a  high  density  of  dislocations;  some  laths 
contained  fine  precipitates  of  silicide.The  silicide  was  identified  by  STEM  as  Ti5(Si,Al)3, 
containing  up  to  ~7wt%Al.SADP  data  of  the  lath  manensite  were  indexed  as  hep  crystal 
structure  showing  superlattice  reflections.The  eutectic  regions  consisted  of  02'+ 
Ti3(Si,Al)3+TiC;  the  02'  appears  as  laths.the  Ti5(Si,Al)3  as  rods  with  spacings  of  - 
500nm,and  the  TiC  as  spherical  particles  ~l-2nm  containing  a  high  density  of  dislocations 
(Fig. 7b). 

4. DISCUSSION 

4.1  flail  alloy  /  liflz 

This  system  is  the  simplest  of  those  investigated  since  the  ceramic  phase  contains  only  one 
additional  component  (namely  B)  as  compared  with  the  p  alloy  matrix;  also  the  solubility  of  B 
in  Ti  in  the  solid  state  is  very  small.The  binary  Ti-B  system  contains  the  compounds  TiB, 
Ti3B4,and  TiB2.The  present  observations  both  on  the  injected  tracks  and  the  composite  pellets 
show  that  partial  solution  of  theTiB2  leads  to  the  formation  of  TiB  as  a  reaction  layer  around 
the  TiB2  and  as  plate  /  needle  like  primary  crystals  in  {3  phase.No  evidence  was  obtained  of  the 
formation  of  Ti3B4.  The  absence  of  Ti3B4  can  be  explained  by  referring  to  the  equilibrium 
reactions  shown  on  the  phase  diagram.  At  -  2000’C  there  is  a  peritectic  reaction  L+TiB2  — . 
Ti3B4,  and  at  a  temperature  only  ~30'C  below  this  a  second  peritectic  occurs  L+Ti3B4  — . 
TiB.  With  the  rapid  solidification  conditions  operative  in  the  laser  processing,  the  first 
peritectic  reaction  is  unlikely  to  occur  significantly  and  TiB  formation  is  dominant.The  TiB 
contains  10wt%V  in  solution  resulting  from  the  use  of  Ti-15V-3Al-3Cr-3Sn  alloy.The  small 
density  difference  between  TiB2  (-4520  kg/m3)  and  Ti  (-4500  kg/m3)  prevent  the  gravity 
segregation  of  undissolved  ceramic  particles  which  occurs  in  the  case  of  SiC  (-3200  kg/m3). 

4.2  flail  alloy  /  or  BN 

The  reaction  of  B4C  particles  with  the  liquid  led  to  the  formation  of  a  three  phase  structure  on 
solidification  consisting  of  p  (with  some  to  formed  in  the  solid  state)  with  a  dispersion  of 
particles  of  TiC  +  TiB.The  dendritic  morphology  of  the  TiC  (grey  dendrites,  Fig.4a)  suggests 
that  this  is  the  primary  phase;the  relatively  coarse  faceted  crystals  of  TiB,  which  contain 
10wt%V,  solidified  in  close  association  with  TiC.  The  observation  can  be  correlated  with  the 
semi-schematic  representation  of  the  Ti-V-B-C  phase  diagram  (Fig.8).The  average 


composition  (•)  lies  on  the  line  joining  Ti-lSV  (neglecting  the  presence  of  Sn  and  Or  and  Al) 
and  B4C.The  matrix  structure  lies  in  the  three  phase  region  containing  p-Ti  phase  +TiC+TiB. 
In  the  case  of  pTi  /  BN,  the  composition  of  the  melt  pool  leads  to  the  primary  phase  being 
nitrogen-rich  Ti  dendrites. 

4.3  B-Ti  alloy /SIC 

The  injection  of  SiC  into  CP  Ti  has  been  previously  discussed  [4]  in  relation  to  the  Ti-Si-C 
phase  diagram.  For  the  laser  conditions  used  as  also  in  the  previous  work,  solution  of  Si  and 
C  enriched  the  melt  pool  so  that  TiC  formed  as  the  primary  phase :TiC  formed  as  a  reaction 
layer  around  the  SiC  particles  and  also  as  dendrites  in  the  matrix.  Following  the  primary 
formation  of  TiC,  a  reaction  involving  L,  fl,  and  TiC  occurred;  either  L  — * p+TiC  or  L+TiC  — 
(3  Finally,  in  the  matrix  of  the  upper  part  of  the  processed  zone,  which  contains  -  4.5  wt%Si, 
a  lamellar  eutectic  formed  of  p+Ti5Si3  with  associated  TiC;  the  origin  of  this  structure  may 
either  be  a  ternary  eutectic  L  —  p+TiC+TijSij  or  a  peritectic  L+TiC  — p+Ti5Si3.These 
features  are  similar  to  those  previously  reported  for  a  structure  where  the  matrix  contained  - 
3.5wt%Si  [4],  In  the  present  work  the  solidification  sequence,  allowing  for  the  presence  of 
15wt%V  in  the  p  phase  (which  leads  to  its  retention  at  room  temperature)  is  similar  to  that 
previously  discussed  [4],  In  the  lower  part  of  the  zone,  the  lower  silicon  content  of  the  matrix 
(-1 ,5wt%)  accounts  for  the  absence  of  the  p+TiC+TijSij  constituent. 

4.4  CP  Ti+AI+SIC 

The  laser  melting  of  a  mixture  of  CP  Ti+30at%Al  with  SiC  produced  pellets  in  which  TijAl 
formed  as  a  reaction  product.The  matrix  showed  similar  microstructural  features  to  those 
observed  when  p  Ti  is  processed  with  SiC,  with  the  difference  that  because  of  the  high  Al 
content  of  the  matrix,  the  p  phase  formed  during  solidification  transformed  to  ordered 
martensite  a'2on  cooling  in  the  solid  state. 

5.CONCLUSIQNS 

1.  Injection  of  TiB2  and  SiC  into  laser  melt  pools  on  a  pTi  alloy  substrate  can  be  used  to 
produce  composite  surface  layers.Partially  dissolved  TiB2  shows  a  more  uniform  distribution 
than  SiC;  this  is  consistent  with  the  small  density  difference  between  the  alloy  and  TiB2. 

2.  Composite  pellets  consisting  of  partially  dissolved  particles  in  a  matrix  based  on  p  Ti  alloy 
can  be  produced  by  laser  melting  of  premixed  ceramic  and  p  Ti  powder,  also  SiC  particles  in  a 
matrix  based  on  TijAl  can  be  produced  from  a  mixture  of  Ti+Al  +SiC. 

3.  Enrichment  of  the  titanium  based  matrix  with  one  or  more  of  Si,  C,  B,  N  has  been 
observed  in  all  the  processed  samples  leading  to  high  levels  of  hardness. 
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Fig.l  (a):  Optical  micrograph  showing  TiB2  injected  into  Ti- 15-3-3-3  alloy 
(b)  SEM-BSI  showing  TiB  formed  around  the  TiB2  and  in  the  matrix 


Fig.2:  (a)  Optical  micrograph  showing  laser  melted  zone  of  (ITi  alloy 
(b)  Optical  micrograph  showing  SiC  injected  into  0Ti  alloy 


2.  SOI 


Fig.3:  (a)  Optical  macrograph  showing  p  Ti  pellet,  (b)Vanation  of  average  pellet  diameter  with 
Dulse  time,  800W,  3mm. 


Fig  4:  pTi  /TiB2  pellet,  (a)  SEM  micrograph  showing  TiB  around  the  TiB2  and  in  the  matrix, 
(b)  TEM  micrograph  showing  TiB  in  p  Ti 
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I  ip.5:  |3  Ti  /  B4C  pellet  (a)  SHM-BSI  showing  TiC  and  TiB  in  (i  Ti.  (b)  TEM  micrograph. 


(b)  TEM  micrograph  showing  a';+Tis(Si.  Al)?+TiC  Ftp  l  Ti  V  -B-C  systrxn  -schematic 
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Dyna/net  Technology,  Inc.,  Eight  A  Street, 
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ABSTRACT 

Metal  matrix  composites  utilizing  particulate  reinforcements  have 
demonstrated  significant  increases  In  the  strength,  modulus  and  use 
temperature  of  advanced  structural  alloys  without  the  economic  and 
technical  drawbacks  associated  with  continuous  fiber  reinforcement. 
Studies  at  Dynamet  Technology  involving  particulate  additions  of  ceramic 
or  Intermetal  I Ic  compounds  to  conventional  monolithic  titanium  alloya 
have  resulted  In  several  promising  titanium  MUC's.  Based  on  economical 
powder  metallurgy  technology  these  NMC's  have  been  fabricated  both  to 
near  net  component  shape  by  the  CHIP  process  (cold  and  hot  isostatlc 
pressing)  and  by  forging  and  to  mill  product  form  by  extrusion  and 
rol I Ing. 

This  paper  describes  the  manufacture  and  properties  of  these  NMCs  with 
particular  attention  to  the  significant  Improvements  in  modulus  and 
strength  at  both  room  and  elevated  temperatures. 
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Introduction 


Titanium  base  alloys  offer  significant  opportunities  for  weight 
reduction  In  advanced  airframe  and  missile  structures  and  in  gas  turbine 
engines.  However,  conventional  monolithic  titanium  al loys  are  limited  by 
loss  of  strength  and  oxidation  resistance  to  a  maximum  temperature  of 
about  1000‘F.  Because  of  this  temperature  limitation,  effort  has  been 
directed  at  novel  approaches  to  titanium  material  development. 

One  such  approach  has  Involved  the  development  of  titanium  materials 
based  on  Intermetal  I  ic  aluminlde  compounds,  particularly  TI3AI  and  T I A I . 
An  Increase  in  the  titanium  alloy  use  temperature  of  as  much  as  800*F  has 
been  predicted  for  TIAI  derivative  materials.  The  major  problem  with 
these  materials  is  their  lack  of  useful  ductility  which  not  only  makes 
structural  design  difficult  but  also  complicates  their  fabrication  to 
mill  product  form  and  component  configuration.  Considerable  alloying 
studies  have  been  undertaken  In  an  effort  to  find  compositional 
variations  which  might  lend  enough  ductility  to  overcome  both  the  design 
and  fabrication  difficulties. 

A  second  major  approach  to  extending  the  use  temperature  of  titanium 
alloys  Involves  combining  conventional  titanium  alloys  or  advanced 
titanium  aluminlde  derivative  alloys  with  a  non-equilibrium  reinforcing 
phase  —  generally,  but  not  always,  non-metal  I  Ic.  These  titanium  metal 
matrix  composite  manufacturing  development  programs  have  emphasized  the 
use  of  silicon  carbide  (SIC)  as  the  stiffener  addition,  typically  In  the 
form  of  whiskers  or  fibers.  Such  technologies  pose  significant  technical 
problems  In  flber/matrlx  interreaction,  performance  problems  In 
anisotropy  of  material  properties,  manufacturing  problems  In  component 
shape  production,  as  well  as  prohibitive  material  and  manufacturing 
costs. 

Other  approaches  develop  metal  matrix  composites  utilizing 

particulate  additions  as  the  reinforcing  phase.  Produced  by  casting  or 
powder  metallurgy,  these  materials  offer  significant  technical 

improvements  and  an  economic  manufacturing  technology.  Dynamet  has  taken 
this  latter  approach,  adapting  Its  P/M  CHIP  (combining  cold  and  hot 
isostatic  pressing)  manufacturing  technology  for  monolithic  titanium 
alloys'l'to  develop  a  family  of  titanium  WC’s,  commercially  known  as 
CermeTfof (2). 

P/M  Process!  ng  Routes  and  Product  Forms 

The  CHIP  process,  a  powder  metallurgy  technology  consisting  of  cold 
isostatic  pressing  (CIP)  In  reusable  elastomeric  tooling,  and  vacuum 
sintering  followed  by  containerless  hot  Isostatlc  pressing  (HIP)  (i.e., 
without  the  need  for  additional  expensive  tooling)  has  been  recognized  In 
recent  years  as  a  practical  and  economic  method  for  the  fabrication  of 
fully  dense  titanium  alloy  components  to  a  near-net  shape.'3'  This  P/M 
method  utilizes  elemental  cold-compact  I ble  titanium  powder,  which  is 
available  in  both  standard  and  extra-low  chloride  grades,  at  reasonable 
prices'4'.  The  powder  is  blended  with  other  elements1  or  master  alloy 
powder  additions  to  obtain  the  alloy  composition  desired. 

’CermeT^®  is  a  registered  trademark  at  the  office  of  U.S.  Patent  and 
Trademark  and  Is  the  subject  of  U.S.  and  foreign  patents  assigned  to 
Dynamet  Technology,  Inc. 
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The  adaptation  of  the  CHIP  process  to  the  manufacture  of  titanium- 
matrix  micro-composites  overcomes  many  of  the  limitations  of  fiber- 
reinforced  and  other  composites  In  a  practical,  cost  effective  way. 
These  materials  are  processed  essentially  in  the  same  fashion  as  the 
monolithic  alloys  previously  described,  except  that  a  substantial  amount 
of  reinforcing  particles  is  blended  with  the  elemental  metal  powders. 

Dynamet  Technology  has  extensively  evaluated  CermeTi  materials  as  a 
function  of  particle  type,  size  and  loading  as  well  as  titanium  P/M 
matrix  alloys  and  CHIP  processing  parameters.  The  most  important  factor 
in  developing  a  successful  CermeTi  Is  the  selection  of  a  compatible 
reinforcing  particle.  This  Is  demonstrated  by  Figure  1,  which 

illustrates  the  well  known  but  unsuccessful  result  of  adding  particulate 
silicon  carbide  (SIC)  to  TI-6AI-4V.  The  SIC  has  partially  dissolved  In 
the  titanium  alloy  matrix  at  the  CHIP  processing  temperature  (2250*F 
maximum  during  sintering)  resulting  In  a  gass-brlttle  material.  That 
SiC  dissolution  occurs  during  solid  state  sintering,  far  below  the 
melting  point,  illustrates  the  problems  of  Incorporating  SIC  fibers  or 
particles  in  a  casting. 


FIGURE  1. 

10X  SIC  IN  T I -6A I -6V-2Sn 
MATRIX  PRODUCED  BY  CHIP 
PROCESS. 


The  initial  successful  CermeTi  development  Involved  the  use  of 
titanium  carbide  (TIC)  as  the  particle  reinforcement5'  .  Since  the 
Initial  work,  other  particulates  have  been  successfully  added  Including 
titanium  diborlde  (T I  Bo)  and,  most  recently,  the  Intermetal  I Ic  compound 
titanium  alumlnide  fTIAl).  A  lower  temperature  processing  route  has  been 
developed  for  TIAI  microcomposites  to  prevent  particle  dissolution  at  the 
normal  sintering  temperature  (2250* F). 

Most  of  the  development  work  has  been  done  with  TI-6AI-4V  as  the 
matrix  alloy.  However,  other  matrix  alloys  have  been  successfully 
employed  Including  TI-6AI-6V-2Sn  (for  higher  strength),  TI-6AI-2Sn-4Zr- 
2 Mo  and  Its  silicon  containing  variation  (for  elevated  temperature 
strength)  and  Ti-3AI-2V  (for  greater  machlnabl I  Ity  and  workability). 
Furthermore,  In  addition  to  CHIP  processing  these  composites  have  also 
been  successfully  fabricated  by  forging,  extrusion  and  rolling  of  the  P/M 
CIP  plus  sinter  or  CHIP  preform. 

To  distinguish  among  the  various  microcomposites  In  the  CermeTi 
family,  a  generic  designation  system  has  been  adopted  Identifying  each 


microcomposite  as  CermeTI-X-YZ,  where  X  identifies  the  particulate  Y 
its  loading  in  weight  percent  and  Z,  the  matrix  alloy,  according  to' the 
following  designations: 


Particulate  Matrix 

X  Designation  Type  Z  Designation  Alloy 

T i -6A I -4V 

A  Ti-6AI-6V-2Sn 

B  T i -6A I -2Sn-4Zr-2Mo 

C  TI-3AI-2V 

Thus,  a  microcompos  i  te  consisting  of  a  10*  addition  of  TIC  in  a  T  i  -6A I  - 
6V-2Sn  matrix  is  designated  CermeTi-C-lOA  (the  same  particulate  addition 
in  a  TI-6AI-4V  matrix  is  designated  CermeTi-C-10) . 

Representative  microstructures  of  CermeTI-C  and  CermeTl-B 
microcomposites  are  shown  in  Figures  2  and  3.  These  photomicrographs 
Illustrate  the  potential  for  mlcrostructural  uniformity  offered  by  the 
Dynamet  P/M  approach.  In  all  cases  the  part Icle/matr lx  interfaces  are 
clearly  established  having  maintained  the  Integrity  of  the  particulate 
within  the  Ti-6AI-4V  matrix.  This  is  evident  throughout  the 

mi cro9t ructure  of  the  part  and  from  part  to  part  processed  by  this 
technology.  The  particulate  is  essentially  homogeneously  dispersed  and 
the  microcomposite  has  achieved  virtually  100*  density. 


A  T  i  A I 

B  T  i  Bo 

C  TiC 


FIGURE  2. 

MICROSTRUCTURE  of  CER&ET i -C-20 
MAMJFACTURED  BY  CHIP  PROCESS 


FIGURE  3. 

MICROSTRUCTURE  OF  CERAETi-ft-10 
MANUFACTURED  BY  CHIP  PROCESS 
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An  outgrowth  of  this  technology  Involves  slternately  layering 
composites  with  monolithic  alloys  to  create  selectively  reinforced 
components  with  unique  properties.  Since  a  common  alloy  matrix  is 
generally  used,  no  dilution  of  either  phase  occurs.  These  micro-macro 
composites  have  since  been  termed  Common  Matrix,  Micro-Macro  Composites 
or  CfcrCs.  Figure  5  Illustrates  the  C  concept,  in  this  instance 
showing  a  TIC  reinforced  CermeTi  microcomposite  with  a  monolithic 
titanium  alloy.  As  a  result  of  the  self-diffusion  of  the  titanium  alloy, 
no  discernible  "bond  line"  exists  at  the  original  Interface  of  the 
CermeTi  with  the  titanium. 


FIGURE  4. 

PHOTOMICROGRAPH  OF  A 
CEHCTi-C-10  MICRO  COM¬ 
POSITE  (ABOVE)  DIFFU¬ 
SION  BOfCED  TO  MONO¬ 
LITHIC  TI-6AI-4V  (BELOW) 


The  potential  design  flexibility  offered  by  CWl  C  technology  Is 
illustrated  by  the  cross-section  of  the  "pie  extrusion"  shown  In  Figure 
5.  The  pie  pieces  consist  of  CermeTI-C-20  microcomposite  wedges 
alternating  with  wedges  of  monolithic  Ti-6AI-4V  alloy.  The  CllrC 
structure  was  assembled  as  a  single  billet  from  two  powder  blends  and 
consolidated  by  extrusion. 
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Mechanical  Properties  of  CermeTi  Composites 

Among  the  family  of  CermeTI  materials,  CermeTI-C-10  (10X  TIC  In  a 
TI-6AI-4V  matrix)  fabricated  by  the  CHIP  process  with  and  without 
subsequent  forging  or  extrusion  has  been  the  most  completely 
characterized.  Comparison  of  tensile  properties  of  CermeTI-C-10  with 
those  of  the  monolithic  matrix  alloy  indicates  that  the  room  temperature 
yield  and  tensile  strengths  are  Increased  10-15X  and  the  strength 
differential  is  maintained  to  1200*F(6' .  Reasonable  engineering 
ductility  Is  retained  throughout  the  temperature  range  with  elongation  of 
up  to  3.5  percent  measured  at  room  temperature.  At  1200*F  the 
ductilities  of  the  composite  and  the  matrix  material  do  not  differ 
significantly. 

The  most  dramatic  property  improvement  of  the  particle  reinforced 
CermeTI-C-10  material  compared  to  monolithic  TI-6AI-4V  alloy  is  in  the 
elastic  modulus.  Room  temperature  modulus  values  are  about  15  percent 
higher  on  average  than  TI-6AI-4V  (Figure  7).  Furthermore,  the  modulus 
advantage  persists  over  the  temperature  range  to  1200*F  and  represents  as 
much  as  600*F  improvement. 


Temperature  ('F) 


Figure  6  Dynamic  (Elastic)  Modulus 
vs.  Temperature  of  CermeTi-C-10 

Additionally,  high  cycle  fatigue  properties  were  found  to  be 
comparable  to  TI-6AI-4V  produced  by  the  blended  elemental  powder 
metallurgy^,.  Furthermore,  fatigue  fracture  strength  In  the  low 
cycle  range  (<106)  was  higher  than  P/M  TI-6AI-4V. 

Further  enhancements  of  strength  and  modulus  have  been  obtained  with 
higher  reinforcement  levels,  a  change  in  particulate  type  and 
mlcrostructural  refinement  from  hot  working.  Figure  7  shows  the  further 
improvement  In  elevated  temperature  strength  of  CermeTI-C-10  after  beta 
forging'7^  while  Figure  8  shows  the  combined  effects  of  higher 
particulate  loading  and  beta  forging  of  CermeTI -C-15''' .  Other  results 
with  CermeTI-C-15  indicate  fatigue  properties  comparable  to  TI-6AI-4V 
castings  and  creep  resistance  considerably  improved  over  wrought  TI-6AI- 
4V. 
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Tensile  ana  Yield  Strength  (ksl) 


Tensile  ana  Yield  Strength  (ksl) 


o  CermeTI-C-10/75%  Reduction 
*  CermeTl-C-iO/25»  Reduction 
S  TI-6AI-4V  Band  with  Msdlan 
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Figure  7  Tonelle  Propertlee  ot  Forged 
CermeTI-C-10  end  TI-6AI-4V  as  a 
Function  of  Teat  Temperature 
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Figure  t  Tenelle  Propertlee  of 
CermeTI-C-16  and  TI-6AI-4V  aa  a 
Funotlon  of  Teat  Temperature 
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The  effect  of  changing  the  particulate  type  from  TiC  to  TIB?  Is  shown 
in  Figures  9  and  10  which  compare  the  temperature  dependence  of  strength 
and  modulus  of  extrusions  containing  15  and  20  percent  additions  of  TiC 
and  TlB2.  Over  the  temperature  range  from  room  temperature  to  1000*F, 
TIB2  is  a  more  effective  strengthener  and  stiffener  than  TIC.  However, 
TIB2  microcomposites  display  lower  room  temperature  ductility  than  TiC 
reinforced  composites.  Both  the  lower  ductility  and  higher  strength  are 
attributed  to  higher  oxygen  Introduced  into  the  titanium  alloy  matrix 
from  oxide  contaminants  present  in  commercial  grades  of  TIB2  powder. 

Tensile  Strength  (ksl)  Elastic  Modulus  (msl) 


Figure  #  Strength  va.  Temperature  of  Figure  10  Modulus  ve.  Temperature  Of 
CermeTI-B  and  CermeTI-C  Extrusions  CermeTi-B  and  CermeTI-C  Extrusions 

Even  with  limited  room  temperature  ductility,  CermeTI  micro- 
composites  display  useful  levels  of  fracture  toughness.  The  value  of  K|C 
for  CHIP  processed  CermeTI-C-10,  estimated  from  4-polnt  bend  testing  of 
notched  test  bars,  is  about  26  ksl  fin'5’  ,  which  is  comparable  to  the 
widely  used  aerospace  aluminum  alloy  2014-T6.  Reported  test  results  for 
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extruded  and  beta  annealed  CermeTi-C-20  give  a  Kiq  value  of  about  23  ks I 
fin  with  fatigue  crack  growth  rate  comparable  to  Ti — 6A I  — 4V  castings'8'. 

To  date  the  TIAI  reinforced  microcomposites  have  been  least  charac¬ 
terized.  Preliminary  tensile  data  indicate  higher  strength  and  ductility 
than  both  TIC  and  TIB2  microcomposites  up  to  1000°F.  The  increase  in  room 
temperature  modulus  Is  smaller  but  a  large  fraction  of  the  room  tempera¬ 
ture  value  is  retained  at  elevated  temperature.  An  added  advantage  of  the 
CermeTi-A  materials  Is  their  reduced  density,  compared  to  CermeTi-B  and 
CermeTI-C,  due  to  the  relatively  lower  density  of  the  TIAI  reinforcement 
thus  resulting  in  further  Improvement  In  specific  strength  and  specific 
modulus. 

The  Future  of  CermeTi  Materials 

There  Is  still  much  to  be  done  in  refining  the  processing  and 
charac-terizlng  the  properties  of  the  CermeTi  family  of  materials. 
Nevertheless,  just  as  the  CHIP  near-net  shape  P/M  technology  has  found  an 
Important  niche  based  on  an  advantageous  combination  of  technical  and 
economic  factors,  CermeTi  materials  are  expected  to  find  a  similar  place 
In  applications  where  the  isotropic  property  enhancements  are  necessary 
to  meet  technical  requirements  and  the  economic  benefits  of  P/M 
processing  can  be  realized.  Thus,  fairly  large,  complex  parts 
manufactured  to  near-net  shape  either  directly  by  the  CHIP  process  or  by 
forging  a  near-net  shape  P/M  preform  are  excellent  candidates  for  CermeTi 
application,  since  they  take  advantage  of  the  Inherent  economics  of  this 
P/M  approach.  Multi-layered  structures  and  clad  components,  which  take 
advantage  of  the  unique  combinations  of  properties  made  possible  by  the 
CM3C  technology,  are  a  second  area  of  development  and  application. 
Potential  applications  Include  forged  lightweight  missile  fins  with 
Improved  dynamic  performance  In  the  former  category  and  composite  exhaust 
valves  for  high  performance  automotive  engines  In  the  latter.  Finally, 
the  CermeTi  materials  technology  will  offer  property  enhancements  in 
mill  product  form  by  conventional  tow  cost  hot  working  procedures. 
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Abstract 

The  initial  phenomenological  results  are  discussed  for  the  combustion 
synthesis  of  a  TIC-A1203-T1  ceramic-metal  composite  material,  based  on  the 
exothermic  reaction: 

(3  ♦  x)T102  ♦  3C  4  (6  ♦  ^x)Al  -  3TIC  ♦  (2  ♦  .|x)A1203  +  xTi 

The  effect  of  green  density,  mode  of  combustion,  and  reaction  stoichiometry  on 
ignition  and  combustion  temperatures,  reaction  stability  and  the  extent  of 
porosity  are  examined. 


IntredMCtion 

The  combustion  synthesis,  or  Self  -  Propagating  High  Temperature  Synthesis 
(SHS),  of  ceramic  composite  materials  offers  considerable  potential  compared 
with  conventional  routes  for  the  synthesis  and  processing  of  advanced 
materials.'  Combustion  synthesis  may  be  achieved  by  two  modes  of  combustion. 
The  propagating  mode  Involves  the  ignition  of  the  reactant  powder  mix  locally, 
e.g.  at  the  top  surface,  and  the  reaction  front  moves  down  through  the  sample. 
The  thermal  explosion  or  bulk  mode  involves  heating  the  entire  sample  to  the 
Ignition  temperature,  Tig,  thereby  creating  a  bulk  reaction  in  the  entire 
sample.  A  major  disadvantage  of  SHS  processing  is  the  high  level  of  porosity, 
present  as  both  micropores  and  long  radial  cracks,  in  the  product. 8,3 

The  current  research  is  aimed  at  investigating  the  production  of  ceramic- 
metal  composites  in  which  excess  liquid  metal,  eg  Ti,  generated  by  the  reduction 
of  TiOj,  infiltrates  these  pores,  thereby  minimizing  this  inherent  disadvantage 
The  incorporation  of  a  ductile  metal  within  a  brittle  ceramic  composite  has 
significant  potential  for  Improving  both  the  toughness  and  relative  density  of 
the  composite.  The  basic  exothermic  reaction  investigated  is: 

(3  ♦  x)T10j  ♦  3C  ♦  (6  ♦  *x)Al  -  3TiC  ♦  (2  ♦  ^x)Al203  +  xTi  [1) 

The  effect  of  excess  Ti  on  the  enthalpy- temperature  plot  and  AH„MCtion  are  given 

Titanium  '92 
Science  ond  Technology 
Edited  by  F.H.  Froes  ondTCopion 
The  Minerali,  Metals  &  Materials  Society,  1 993 


In  Figures  l(a)(b):  r  and  p  refer  Co  the  reactants  and  products  respectively 
for  values  of  x  -  0,  5,  10,  15,  20.  The  phase  transformations  of  reactants  and 
products  are  also  indicated  in  Figure  1.  Using  a  Tig  of  1300*K  In  Figure  1(a) 
results  in  a  Tad  of  2740*K  (b.p.  of  Al)  for  x-0,  and  a  Tad  of  2345*K  (m.p.  of 
Mfii)  for  x-20.  If  heat  is  lost  from  the  reaction  front,  i.e.  non-adiabatic 
conditions,  the  maximum  combustion  temperature,  Tc ,  is  less  than  Tad,  as 
indicated  in  Figure  1(a).  As  indicated  in  the  data  in  Figure  1(b),  exothermlclty 
is  seen  to  Increase  and  Tad  decrease  with  Increased  excess  T1  (xTi). 


Figure  1  The  effect  of  temperature  and  excess  Ti  on  (a)  enthalpy  of  reactants 
and  products  and  (b)  enthalpy  change  for  reaction  [1] 

Exjjesl  mental  Procedure 


The  reactant  powders  (•44«i">)  were  porcelain  ball  milled  and  uniaxially 
pressed  into  cylindrical  pellets  to  various  green  densities  and  stoichiometries 
(x).  The  green  pellet  weights  were  kept  constant  at  3.0  grams  with  a  diameter 
of  12.7  mm  (0.5  in).  The  pellets  were  dried  in  an  oven  at  120*C  for  1  hour  and 
stored  in  a  deslcator  to  minimize  moisture.  The  pellets  were  subsequently 


Figure  2  Schematic  representation  of 
reaction  chamber 


Figure  3  Coll  configurations  (a) 
propagating  and  (b)  explosive  modes 


ignited  using  either  the  propagating  mode  with  a  flat  tungsten  wire  or  the 
thermal  explosion  mode  using  a  basket  -  shaped  coil  both  in  an  argon  atmosphere 
in  a  reaction  chamber.  The  distance  between  the  tungsten  filament  and  the  top 
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of  each  pellet  was  held  constant  In  the  propagating  mode  In  order  to  maintain 
similar  heating  rates.  At  least  three  samples  were  ignited  for  each  set  of 
reaction  parameters.  A  schematic  representation  of  the  reaction  chamber  and  the 
flat  tungsten  coll  position  Is  given  in  Figure  2  while  a  photograph  of  both 
modes  of  ignition  is  given  in  Figure  3. 

A  Pt-Pt/lOXRh  thermocouple  and  an  Ircc.  Mirage  Two  Wavelength  Infrared 
Pyrometer,  which  was  calibrated  using  a  U-W/5XRe  thermocouple,  were  used  to 
determine  Tig  and  Tc  respectively.  The  progress  and  stability  of  the  reaction 
fronts  under  the  propagating  mode  were  recorded  with  a  video  camera.  The 
composites  produced  were  examined  using  optical  and  scanning  electron  microscopy 
(SEM)  interfaced  with  an  energy  dispersive  analysis  by  x-rays  (EDAX)  facility, 
and  x-ray  diffraction  (XRD) .  Densities  of  the  samples  were  determined  using  an 
immersion  in  water  technique. 

Results  and  Discussion 
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The  physical  properties  of  the 
reactants  and  products  are  given  in 
Table  1.  Law  of  mixtures  calculations 
indicate  that  the  theoretical  density  of 
the  final  composite  decreases  from  4.37 
g/cm5  at  x-0  to  4.19  g/cm3  at  x-20 
(Figure  4) .  The  volume  fraction  of  TIC 
decreases  from  40X  at  x-0  to  71  at  x-15 
while  that  of  A1,0,  remains  approximately 
constant  at  60X  for  x<20  (Figure  5). 

Increasing  the  applied  pressure 

above  71.6x10*  kg/ro8  did  not  greatly 

increase  the  apparent  green  density  of 

the  pellet  when  x<  20,  (Figure  6),  while 

considerably  lower  green  densities  were 
achieved  for  reaction  stoichiometries  of 
x-20  pressed  to  less  than  1.8xl07  kg/m8. 
These  green  density  restrictions  are  probably  particle  size  dependant.  Thus  a 
relative  green  density  of  65X  was  the  maximum  obtainable  by  the  techniques  and 
conditions  used.  The  effect  of  relative  green  density  and  excess  Ti  on  Tig  and 
Tc  is  given  in  Figures  7  and  8  respectively.  For  the  case  of  x-0,  Tig  and  Tc 
increased  as  green  density  increased.  These  data  correspond  well  with  earlier 
research  reported  for  this  stoichiometry  V  Increasing  the  green  density 
increases  the  thermal  conductivity  of  the  green  pellet  for  x-0,  thereby 
increasing  heat  loss  from  the  pellet  reacted  under  the  propagation  mode.  This 
will  contribute  to  an  increased  Tlg  for  x-0  and  a  consequent  increase  in  T,. 
Although,  Tig  and  Tc  decreased  as  x>0,  no  clear  trend  was  apparent  for  the 

effect  of  green  density  on  Tig  and  Tc  for  stoichiometries  of  x>0.  In  this 

reaction  system,  liquid  A1  is  present  below  Tig  and  liquid  A1  and  Ti  between  Tig 
and  Tc.  Liquid  T10,  is  also  present  in  most  samples  between  Tig  and  Tc  (except 
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Figure  4  Theoretical  density  of 
final  composite  as  a  function  of  xTi. 


for  x-20  at  the  lowest  green  density),  whereas  liquid  AljO,  would  be  expected  at 
the  reaction  front  for  x-0  at  the  highest  green  density  only. 


Figure  5  Volume  Fractions 
of  Componets  in  Final  Composite 
as  a  Function  of  xTl. 


Figure  6  Green  density  as  a 
function  of  applied  load 
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Figure  7  The  effect  of  green  density 
and  xTi  on  Tig 


Figure  8  The  effect  of  green  density 
and  xTi  on  Tc 


The  effect  of  excess  Ti  and  volume 
fraction  of  pores  (and  thus  green 
density)  on  the  thermal  conductivity  of 
the  green  pellets  was  calculated  using  a 
law  of  mixtures  relationship.  An 
average  thermal  conductivity  was 
calculated  for  a  fully  dense  pellet  and 
pores  were  considered  to  be  a  dispersed 
phase  in  a  continuous  matrix: 


t  ,,  1  ♦  2vd(l  -  kt/ki)/(2kt/k,  *  1)  tfl 
■  ^-1— v(a  -  ViOAkcA,  *  1) 

l.e.  where  ke  and  k,  are  the  thermal 
conductivities  of  the  continuous  phase 
and  discontinuous  phase  respectively  and  v„  is  the  volume  fraction  of  the 
discontinuous  phase.1  These  data  are  presented  in  Figure  9.  The  thermal 
conductivity  of  the  green  pellet  decreases  with  increased  porosity  (decreased 
green  density)  and  increases  with  xTl.  Hence,  a  complex  set  of  conditions  exist 
at  the  rapidly  moving  reaction  front  involving  solid  (C,  A1,03)  and  liquid  (Al, 
TiO,,  Tl)  reactants  and  products  coupled  with  a  range  of  thermal  conductivities 


PVM*  ’VMily  (•) 

Figure  9  The  effect  of  porosity  and 
xTi  on  the  thermal  conductivity  of 
the  green  pellet 


of  Che  green  pellec  dependent  on 
reaction  stoichiometry  (xTl)  and  green 
density.  Increasing  the  thermal 

conductivity  of  the  green  pellet  will 
Increase  the  heat  loss  from  the  pellet 
ahead  of  the  reaction  front  and  could 
result  in  increased  Tig  and  Tc4.  At  the 
same  time,  the  presence  of  liquids,  l.e. 

Al,  below  Tig,  TiO,  and  Ti  above  Tig, 
will  Increase  the  heat  transfer  and 
kinetics  of  the  combustion  reaction  but 
could  decrease  Tc4.  As  xTl  is  increased 
Al  and  TIO,  are  also  increased  thereby  «  («■•) 

Improving  the  reaction  kinetics  as  well  Figure  10  Stability  diagram  for  SHS 

as  the  thermal  conductivity  of  the  green  reaction 

pellet. 

A  combustion  synthesis  propagating 

wave  stability  diagram4  was  produced  using  examination  of  the  slow  motion  video 
recording  of  the  propagating  combustion  front.  Figure  10  provides  the  observed 
data  for  this  reaction  system  as  a  function  of  both  excess  Tl  and  green  density. 
A  stable  combustion  reaction  is  one  In  which  the  combustion  wave  propagates  at 
a  steady  rate.  An  unstable  reaction  Is  one  which  quenches  out,  and  a  seml- 
stable  reaction  is  one  In  which  the  propagating  rate  decreases,  nearly  quenches 
out  and  then  Increases.  Several  cycles  of  these  rates  have  been  observed  In 
some  semi -  stable  reactions4.  Although  no  unstable  fronts  were  observed,  the 
combustion  front  became  Increasingly  unstable  on  Increasing  xTl,  such  that  at 
x>5  the  front  became  semi-stable.  Increasing  xTl  takes  heat  out  of  the  system, 
l.e.  latent  heat  of  fusion  of  Al  and  Ti,  and  results  In  Increased  thermal 
conductivity  ahead  of  the  reaction  front,  until  eventually  the  reaction  Is  only 
marginally  self  sustaining.  The  condition  Is  further  exaggerated  on  increasing 
green  density.  For  values  of  x>5  severe  cracking  was  observed  to  occur  ahead  of 
the  combustion  front  (Figure  11).  The  cracking  Increased  with  Increase  in 
excess  Tl.  The  onset  of  cracking,  e.g.  x>5,  was  also  coincidental  with  the 
onset  of  seml-stable  propagation.  A  crack  generated  ahead  of  the  reaction  front 
will  reduce  the  heat  transfer  from  the  reaction  to  the  adjacent  unreacted 
material,  thereby  reducing  the  stability  of  the  reaction  front  resulting  In  the 
transition  from  stable  to  semi-stable  propagation.  Samples  produced  by  the 
explosive  mode  were  virtually  crack- free  with  some  shrinkage  occurring.  This 
is  most  likely  a  result  of  the  lower  thermal  gradients  that  are  present  under 
this  mode  of  Ignition  compared  with  the  propagating  mode. 

The  effect  of  green  density  and  xTl  on  wave  velocity  as  measured  from  the 
video  recording  is  given  in  Figure  12.  Increased  amounts  of  liquid  Ti,  Al,  TiO, 
will  remove  heat  from  the  reaction  front  (latent  heats  of  fusion)  and  result  in 
a  decrease  In  velocity4.  Increasing  green  density  for  x-0,  decreased  the 
velocity  considerably,  presumably  on  account  of  the  increased  thermal 
conductivity  of  the  green  pellet  and,  therefore,  increased  heat  loss  from  the 
reaction  front . 
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XRD  analysis  of  Che  products  identified  TIC,  AljO,.  and  T1  only  with  no 
evidence  of  the  reactants  or  other  products  being  present  (Figure  13).  Typical 
product  macrostructures  produced  by  both  modes  of  combustion  are  given  In 
Figures  14,  13,  and  16. 


Figure  11  O'  served  cracking  in  green 
pellet  ahead  of  the  reaction  front  in 
propagating  mode 


Figure  12  The  effect  of  green  density 
and  xTl  on  Combustion  Front  Velocity 


The  radial  cracking  was  found  In  most  samples  reacted  under  the  propagating 
mode.  Increasing  Ti  also  produced  radial  cracking  but  resulted  In  a  denser 
product.  Conducting  the  reaction  under  the  explosive  node  eliminated  the  radial 
cracking  but  resulted  In  larger  pores. 
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Figure  13  XRD  plots  for  (a)  x  -  0  and  (b)  x  -  20 

Comparison  of  the  product  microstructure  In  which  x-20  (Figure  17)  with 
that  in  which  x-0  (Figure  18)  both  reacted  under  the  propagating  mode  clearly 
indicates  a  less  porous  structure  for  composites  with  increased  xTl.  The  fine 
particles  were  Identified  by  EDAX  as  TIC  as  was  the  white  phase  In  Figure  19  for 
a  reaction  stoichiometry  of  x-S  reacted  under  the  explosive  mode  the  dark  phase 
(matrix)  Is  Al,0,  with  some  excess  Ti .  The  well  dispersed  TIC  particles  In  the 
Alt0,  matrix  is  evident  in  Figure  19(b)  while  the  permeation  of  the  matrix 
(Al,0,.TiC)  with  liquid  TI  Is  clearly  evident  in  Figure  20.  Even  though  all  the 
porosity  Is  not  filled  with  Ti.  the  reduction  of  porosity  Is  significant  on 
using  the  explosive  mode  and  Increasing  xTl  (Figure  21).  It  Is  feasible  that  the 
remaining  porosity  may  be  completely  filled  by  Increasing  x,  completed  with  the 
use  of  a  small  squeezing  pressure  applied  during  the  combustion  synthesis 
reaction  * 


Figure  14  SEM  photomicrograph  of  x  - 
0  pellet  reacted  by  propagating  mode 
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Figure  16  SEM  Photomicrograph  of 
x  -  5  pellet  reacted  by  explosive 
mode 


Figure  15  SEM  Photomicrograph  of 
x  -  5  pellet  reacted  by  propagation 
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Figure  17  SEM  photomicrograph  of 
microstructure  of  x  -  0  pellet 

reacted  by  propagation  mode 


Figure  18  SEM  photomicrograph  of 
microstructure  of  x  •  20  pellet 

reacted  by  propagation  mode 


Figure  19  SEM  photomicrograph  of  of  x  -  5  pellet  reacted  by  explosive 
mode 


Samples  produced  by  the  propagating  wave  mode  resulted  in  approximately 
55  volume  t  porosity  at  x-0  and  41  volume  X  porosity  at  x-15  (Figure  22). 

2.  STS 


Samples  reacted  under  the  explosive  mode  contained  approximately  47  volume  X 
porosity  at  x-S  and  approximately  36  volume  X  at  x-20.  The  propagating  mode  of 
combustion  produces  large  temperature  gradients  behind  and  ahead  of  the 
propagating  reaction  front,  conditions  which  are  conducive  to  cracking  and 
trapping  gasses  generated  by  the  reaction,  e.g.  Al  vapor,  and  which  are  present 


Figure  20  SEM  photomicrograph 
microstructure  of  x  •  15  pellet 
reacted  by  explosive  mode 


Figure  21  SEM  photomicrograph  of 
microstructure  of  x-50  pellet  reacted 
by  explosive  mode 


Hgure  22  The  effect  of  (a)  green  density  for  propagating  mode  and 
(b)  xTi  for  explosive  mode  on  volume  fraction  of  open  pores,  closed 
pores,  and  total  pores 

Cone lus ions 

•  The  concept  of  incorporating  an  excess  liquid  metal  into  the  combustion 
synthesis  reaction  by  utilizing  an  in-situ  reduction  of  a  metal  oxide  has 
been  shown  to  be  successful  in  the  synthesis  of  a  TiC-Al,0,-Ti  ceramic -metal 
composite . 

tat 


•  Characterization  of  the  conposltes  clearly  revealed  the  required  product 
phaiei,  l.e.  TIC,  A1209,  and  Ti ,  and  the  effective  liquid  T1  infiltration  of 
the  pores  In  the  ceranlc  TIC  Al,0,  matrix 

•  Increasing  x  Increases  the  exothermicity  of  the  reaction,  decreases  Tad, 
decreases  the  theoretical  dens  Icy  of  the  composite  product  and  decreases  the 
volume  fraction  of  TIC. 

e  Increasing  the  applied  pressure  Increased  the  apparent  green  density  up  to 
a  maximum  of  65%  at  1.8x10’  kg/m’  Lower  apparent  green  densities  were 
achieved  for  high  values  of  x,  e.g.  x-20,. 

e  Increasing  x  and  decreasing  the  volume  fraction  of  pores  In  the  green  pellet 
Increased  the  theoretically  calculated  thermal  conductivity  of  the  green 
pellet. 

e  Tig  and  Tc  decreased  In  general  with  Increased  x.  No  clear  trend  was  observed 
with  respect  to  the  effect  of  green  density  on  Tig  and  Tc  for  values  of  x>0. 

e  A  combustion  synthesis  stability  diagram  was  constructed  which  established 
that  the  propagating  combustion  front  (propagating  mode)  became  seml-stable 
at  values  of  x>5.  No  unstable  fronts  were  observed  for  values  of  XS50  for 
either  mode . 

e  Cracking  ahead  of  the  propagating  combustion  front  occurred  In  all  samples 
for  values  of  x>5  while  decreased  porosity  and  Increased  densities  were 
achieved  as  x  was  Increased  (propagating  mode).  No  such  cracking  and 
decreased  porosity  were  achieved  in  composites  produced  by  the  explosive 
mode . 
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Abstract 

Crack  growth  resistance  of  Fibre  reinforced  composite  materials  has  been  assessed,  and  has  been 
modelled  using  weight  function  methods.  Many  trends  in  observed  crack  growth  resistance 
behaviour  in  the  presence  of  crack  bridging  can  be  predicted  accurately.  The  application  of 
fracture  mechanics  parameters  to  characterise  crack  growth  appears  to  be  appropriate  in  the 
presence  of  single  dominant  cracks.  In  particular  the  model  is  used  to  predict  the  behaviour  of 
bridged  cracks  subjected  to  remote  bending  and  tension  stresses.  The  effect  of  Fibre  size  is  also 
addressed. 

Introduction 

Titanium  metal  matrix  based  composites  with  continuous  Fibre  reinforcement,  have  potential  use 
in  a  wide  range  of  aerospace  applications,  where  light  weight,  high  stiffness  and  good  defect 
tolerance  are  required,  Tlie  behaviour  of  these  materials  under  cyclic  loading  will  be  critical  and 
experimental  data  are  now  becoming  more  readily  available  (1-6).  Crack  growth  rates  in 
continuous  Fibre  reinforced  composites  are  often  dependent  on  crack  size  and  are  controlled  by 
Fibre  bridging  behind  the  growing  crack  tip.  An  increase  in  crack  length  in  the  matrix  is 
accompanied  by  an  increase  in  number  of  Fibres  bridging  the  crack.  Thus  despite  the  increase  in 
nominal  applied  stress  intensity  range  with  crack  length  increase  (  for  a  constant  applied  cyclic 
load  amplitude)  crack  growth  rates  are  generally  observed  to  decrease,  and  at  room  temperature 
crack  arrest  is  often  observed  (  at  least  for  tests  performed  in  bending),  i.e.  cracks  grow  down  to 
a  "threshold"  due  to  the  influence  of  crack  bridging  by  intact  Fibres.  Fibre  fracture  can, 
however,  lead  to  rapid  local  crack  growth  excursions  in  near  threshold  regions,  and  a  cascade  of 
fibre  failures  can  promote  catastrophic  failure.  The  application  of  a  stress  intensity  based 
approach  to  define  crack  growth  resistance  is  made  easier  because  it  has  been  established 
experimentally  that  single  dominant  cracks  can  be  obtained  regularly  (3,5,6). 

Much  quantitative  work  has  been  reported  in  the  use  of  stress  intensity  based  parameters 
for  the  assessment  of  fibre  reinforced  materials  (4,7),  and  the  present  paper  outlines  a  simplified 
approach  to  the  characterisation  of  bridged  cracks.  The  aim  of  this  paper  is  to  model  the 
behaviour  of  stable  crack  growth  in  Ti  MMC's  observed  experimentally,  using  weight  function 
methods  under  nominal  bending  and  tension  stresses  (8).  The  method  is  also  used  to  predict  the 
effects  of  fibre  diameter. 


Weight  Function  Methods 

Bueckner  (9)  introduced  the  concept  of  weight  functions  based  on  an  analytical  representation  of 
elastic  fields.  The  stress  intensity  factor  can  be  obtained  by  solving  the  integration  over  the  crack 
length  of  equations  of  the  type: 
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(1) 


where  m(a,x)  is  the  weight  function  and  o(x)  the  arbitrary  crack  line  stress  (for  the  uncracked 
body). 

The  strength  of  the  method  stems  from  the  separation  in  equation  ( 1 )  of  the  crack  line 
stress  o(x),  and  the  cracked  geometry  which  is  completely  contained  in  the  weight  function 
m(a,x).  Wu  and  Carlsson  have  derived  a  new  analytical  approach  to  obtain  weight  functions 
based  on  the  partial  differentiation  of  the  crack  surface  opening  displacement  with  respect  to  crack 

length  (8).  The  stress  intensity  factor  for  an  arbitrary  normalised  crack  line  stress  of  <J(x)/0, 
where  a  is  the  nominal  applied  stress,  on  a  single  edge  crack  can  be  calculated  from: 

K=  f  o  VicaW  . (2) 


where: 


and  the  Pi(a)  function  for  single  edge  crack  in  a  finite  width  plate  may  be  taken  directly  from  Wu 
and  Carlsson  (8).  Equation  (3)  can  then  be  integrated  numerically,  but  care  must  be  taken  in  the 
region  of  the  crack  tip  singularity. 

To  use  these  weight  functions  to  determine  stress  intensity  factors  it  is  required  to  know  the 
stress  distribution  o(x)  along  the  prospective  crack  line  of  the  crack  free  body. 

Experimental  Procedure 

Tests  have  been  performed  on  a  Ti-6A1-4V  alloy  matrix  composite  reinforced  with  Sigma  (silicon 
carbide)  fibres.  Details  are  given  elsewhere  (5).  All  tests  were  carried  out  on  single  edge 
notched  testpieces  of  dimensions  4.48mm  x  1.03mm  x  72mm  in  bending,  with  a  span,  s.  to 
width,  W,  ratio  of  13.3.  Cracks  were  grown  by  fatigue  at  a  single  load  range,  AP,  of  67N,  from 
a  slot  cut  to  different  depths  of  0.22  and  1 . 1mm.  This  gives  an  initial  unbridged  crack  depth,  ao. 
to  width  ratio,  aoAV,  of  0.25  and  0.05  and  corresponds  to  initial  nominal  stress  intensity  ranges 
AKapp-  of  7.5  and  18MPaVm  respectively.  Tests  were  performed  at  a  frequency  of  0.5  and 

10Hz  respectively,  and  for  a  single  stress  ratio,  R=0.5,  (  where  R  =  Omjn  /  0max  .  where  0min 
and  Omax  arc  the  minimum  and  maximum  stress  as  applied  over  the  fatigue  cycle).  A  constant 
load  range,  AP=67N,  was  maintained  during  each  test.  Changes  in  crack  length  were  monitored 
using  a  direct  current  potential  difference  technique  (10). 

Tests  have  also  been  carried  out  on  a  monolithic  Ti-6A1-4V  material  manufactured  by  a 
processing  route  similar  to  that  used  for  the  composites  under  study.  Further  details  are  given 
elsewhere  (11).  In  the  present  study  it  is  sufficient  to  note  that  tests  have  been  performed  at  low 
mean  stress,  R=0.1,  and  at  a  cyclic  frequency  of  0.5Hz. 

In  some  cases,  testpieces  were  polished  metallographically  after  testing  and  examined  optically  to 
illustrate  the  mechanism  of  crack  propagation. 

Basis  of  the  Model 

Based  on  an  uniform  square  array  of  fibres,  of  size  100pm  and  volume  fraction  of  35%,  the  least 
distance  of  approach  between  fibres  is  50pm.  To  simplify  both  the  analyses  and  their 
interpretation  greatly  this  is  idealised  to  a  series  of  plates  of  equivalent  thickness  89pm  and  least 
distance  of  approach  165pm.  This  is  essential  when  using  the  weight  functions  method  (8), 
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which  is  limited  to  a  two  dimensional  elastic  analysis.  Perfect  bonding  is  assumed  and  both  a 
law  of  mixtures  approach  and  finite  element  modelling  studies  (12)  were  used  in  order  to  evaluate 
the  nominal  stress  partitioning  between  fibres  and  matrix  so  that  initially  a  nominal  applied  stress 
intensity  range  of  18MPaVm  was  applied.  To  evaluate  stress  intensities  it  is  clear  that  different 
stress  distributions,  o(x)  are  required  for  both  fibres  and  matrix,  and  in  the  presence  of  fibre 
bridging,  an  appropriate  net  clamp-back  stress  is  required. 

Results 

At  an  initial  AKapp  of  18MPaVm.  crack  growth  rates  observed  experimentally,  da/dN,  are  shown 
to  failure  versus  total  crack  length  in  Figure  1.  Crack  arrest  does  not  occur  in  this  test,  and 
cracks  propagate  to  give  catastrophic  testpiece  failure.  Even  so,  the  crack  growth  rate,  da/dN, 
exhibits  a  periodic  decrease  and  increase  with  crack  length,  Figure  1,  prior  to  catastrophic 
fracture. 

The  dependence  of  crack  growth  rates  observed  experimentally,  da/dN,  are  shown  versus 
total  crack  length  in  Figure  2  for  an  initial  AKapp  value  of  7.5  MPaVm.  At  this  stress  intensity 
range  crack  growth  rates  decrease  with  increases  in  fatigue  crack  length,  until  crack  arrest 
(da/dN  £  10-8mm/cycle)  is  observed.  After  crack  arrest  this  testpiece  was  subjected  to  additional 
cycling  at  a  higher  stress  intensity  range  of  AKapp  =  l4MPa\m  and  after  subsequent  crack 
growth  the  test  was  stopped  prior  to  failure.  The  testpiece  was  polished  metallographically  and 
an  optical  section  is  shown  in  Figure  3.  From  this  figure  it  can  be  seen  that  the  micromechanism 
of  crack  growth  is  well  characterised  by  initial  crack  growth  through  the  matrix,  with  fibres 
bridging  the  crack  in  its  wake. 

The  theoretical  model  has  been  fitted  to  the  data  shown  in  Figure  1,  so  that  predicted  crack 
growth  rates  and  those  observed  experimentally  are  closely  similar,  sec  Figure  1.  To  achieve  this 
an  effective  clamp-back  stress  of  400MPa  was  required  for  a  fibre  bridging  close  to  at  the  top 
surface  (i.e.ao/W-0)  of  the  testpiece  in  bending,  and  assuming  a  linear  gradient  in  effective 
clamp-back  stress  towards  the  neutral  axis  of  the  testpiece.  (  Such  assumptions  are  discussed 
elsewhere  (12)).  To  derive  the  effective  crack  growth  rates  from  the  local  effective  crack  tip 
stress  intensity  range,  it  is  necessary  to  have  crack  growth  resistance  curves  from  a  monolithic 
alloy  processed  in  a  similar  manner  to  the  composite  and  this  is  given  in  Figure  4.  In  the  present 
paper  it  is  sufficient  to  note  that  the  data  given  in  Figure  4,  can  be  well  represented  by  a  Paris  - 
Erdogan  law,  da/dN=CAKm  ,  for  AK>4.5MPaVm,  where  C  and  m  are  numerical  constants  and 
equal  to  9.2x10’^  mm/cycle  and  3.12  respectively.  ( It  has  been  assumed  here  that  there  will  be 
no  effect  of  mean  stress  on  data  in  this  crack  growth  regime  in  the  monolithic  alloy).  From 
Figure  1  it  can  be  seen  that  the  theoretical  predictions  are  in  good  agreement  with  the  experimental 
values. 
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Figure  1  Crack  growth  resistance  curves:  da/dN,  versus  crack  length.  Initial 
AKapp=18MPaVm,  R  =  0.5,  ao  /  W  =  0.22.  Experimental  data  and  theoretical 
predictions  under  bending  and  tension  loading. 
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Figure  2  Crack  growth  resistance  curves:  da/dN,  versus  crack  length.  Initial 

AKapp=7.5  MPavm,  R  =  0.5,  a«  /  W  =  0.05.  Experimental  data  and  theoretical 
predictions  under  bending  and  tension  loading. 

The  effect  of  loading  the  testpiece  in  remote  tension,  using  the  same  initial  AKapp  can  be 
predicted,  and  is  also  shown  in  Figure  1.  (For  these  predictions  a  constant  effective  clamp-back 
stress  of  295MPa  has  been  deduced  by  assuming  that  the  clamp-back  stress  is  directly 
proportional  to  the  fibre  stress).  It  can  be  seen  that  as  the  crack  increases  in  length,  the  crack 
loaded  in  remote  tension  or  bending  is  predicted  to  exhibit  similar  crack  growth  rates  for  the  same 
values  of  crack  length.  This  can  also  be  seen  in  the  near  threshold  regime,  as  shown  in  Figure 
2,  where  tension  and  bending  geometries  are  predicted  to  yield  similar  crack  growth  rates. 


Figure  3  Representative  optical  micrograph  showing  single  dominant  crack  bridged  by 
intact  fibres. 


2,532 


u 


Stress  intensity  range  ,  AK  (MPaVm) 


Figure  4  Crack  growth  resistance  curves:  da/dN  versus  AK  for  R  =  0.1,  v  =  0.5  Hz 
Monolithic  Ti  -  6A1  -  4V  alloy. 

Predictions  of  the  effects  of  fibre  diameter  is  shown  in  Figure  5,  for  crack  growth  under  an  initial 
AKapp  =  18MPaVm,  in  tension,  for  plate  diameters  of  50pm,  89pm  and  124pm.  In  general, 
"fibre  diameter"  is  not  predicted  to  affect  crack  growth  behaviour  of  the  material  markedly. 
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Figure  5  Crack  growth  resistance  curves:  da/dN  versus  crack  length  for  initial 

AKapp=  1 8MPaVm,  R  =  0.5,  ao  /  W  =  0.22.  Theoretical  predictions  for  the  effect 
of  fibre  diameter. 
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Discussion 


Weight  function  methods  have  been  used  to  evaluate  effective  stress  intensity  ranges  and  hence 
to  model  crack  growth  behaviour  in  bending  in  continuous  fibre  reinforced  Ti-6A1-4V 
composites.  Despite  the  limitations  and  simplifications  inherent  to  the  model  it  has  enabled  many 
experimental  observations  to  be  rationalised.  (  These  are  considered  in  more  detail  elsewhere 
(12)).  In  particular  here  it  has  been  used  to  predict  the  effect  of  nominal  tension  loading 
compared  to  bending,  see  Figure  1  and  2,  and  fibre  diameter  for  the  same  volume  fraction  of 
fibres,  see  Figure  5.  In  these  present  studies  little  effect  of  either  loading  condition  or  fibre 
(plate)  diameter  on  crack  growth  rates  has  been  predicted. 

The  model  utilises  two-dimensional  elastic  analyses  to  evaluate  effective  stress  intensity 
solutions.  Thus,  it  will  tend  to  overestimate  effects  such  as  the  position  of  the  crack  tip  relative 
to  the  bridging  fibres  (modelled  as  plates)  for  the  actual  three  -  dimensional  distribution  of  fibres. 
To  develop  a  fully  three  -  dimensional  model  requires  experimental  information  about  the 
distribution  of  effective  stress  intensity  factors  through  -  thickness.  Such  information  is 
potentially  becoming  available  based  on  the  observations  of  local  striation  spacings  (  which 
reflect  the  local  crack  growth  rates  and  hence  by  deduction  local  stress  intensity  ranges)  (11). 
Great  care  is  required  to  build  a  quantitative  picture  of  crack  growth  rates  through  -  thickness  in 
the  presence  of  bridged  fibres  but  early  observations  are  encouraging. 

From  both  experimental  and  theoretical  modelling  studies,  it  is  clear  that  crack  bridging  by 
fibres  can  reduce  crack  growth  rates  to  very  low  values,  and  provided  that  the  fibres  remain 
undamaged  then  composites  possessing  excellent  damage  tolerance  under  cyclic  loading  will  be 
produced. 


Conclusions 

1 .  For  the  case  of  single  dominant  cracks  the  application  of  stress  intensity  parameters  to 
characterise  crack  growth  in  composite  materials  appears  to  be  appropriate. 

2.  Weight  function  methods  in  bending  have  been  used  to  model  effective  stress  intensities 
(  and  hence  by  deduction  crack  growth  rales)  for  bridged  cracks  in  fibre  reinforced 
titanium  composites.  Model  predictions  are  in  good  agreement  with  crack  growth  rates 
observed  experimentally. 

3  Model  predictions  suggest  that  loading  the  cracks  in  far  field  tension  rather  than  bending 
has  little  effect  on  crack  growth  rates,  for  an  equivalent  initial  applied  stress  intensity 
range.  For  the  same  volume  fraction  of  fibres,  it  is  also  predicted  that  will  be  little 
influence  of  fibre  diameter  ( plate  thickness)  on  crack  growth  rates. 
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Ab&tfflCl 

The  potential  of  using  a  morolithic  coating  layer  to  reduce  the  residual  thermal 
stresses  in  a  Sigma  fiber  (SiC)/fS-21S  titanium  metal  matrix  composite  has  been 
investigated  using  a  two-dinensional  micromechanics  finite  element  model.  The 
objective  of  this  paper  was  t  o  define  the  effects  of  coefficient  of  thermal  expansion 
(CTEI  of  the  coating  on  the  residual  thermal  stress  state  of  the  matrix.  These 
stresses  sre  of  concern  in  '  hat  they  are  a  major  cause  of  cracking  of  the  matrix  in 
many  metal  matrix  composites.  The  results  show  that  a  coating  with  a  high  CTE 
(higher  than  that  of  matri  :)  allows  minimization  of  residual  thermal  stresses  in  the 
matrix.  Further,  the  effect  of  the  coating  modulus  on  the  thermal  stress  state  of 
the  matrix  was  found  tr,  be  negligible  between  40  to  200  GPa  range. 

Introduction 


Metal  matrix  composites  (MMC's)  reinforced  with  ceramic  fibers  have  a  high 
strength  and  stiffress-to-density  ratio  and  are  attractive  for  many  aerospace 
applications  where  weight  is  of  concern  [1-5).  In  the  present  facet  of  an  on-going 
study,  the  problem  of  high  thermal  residual  stresses  generated  in  the  MMC's  upon 
cool  down  from  fabrication,  and/or  high  temperature  use,  to  room  temperature  will 
be  considered.  The  thermal  residual  stresses  are  due  in  part  to  the  mismatch  of 
the  coefficient  c  f  thermal  expansion  (CTE)  between  the  fiber  and  the  matrix  (6-10). 
These  residual  thermal  stresses  are  a  major  cause  of  micro-cracking  of  the  matrix 
in  many  MMC's  (11).  Allthough,  it  is  recognized  in  a  broader  sense  that  other 
factors,  sue' i  as  reaction  between  the  coating  and  the  matrix,  and  inherent 
ductilities  o'  the  coating,  reaction  zone  and  matrix  also  enhance  micro-cracking 
[1-4].  A  co  iting  material  with  an  appropriate  CTE  can  be  placed  between  the  fiber 
and  matrix  material  to  reduce  the  high  residual  stresses  (6,7,9).  This  study  is  a 
computational  investigation  to  determine  the  effects  of  the  coating  CTE  on  the 
thermal  residual  stress  state. 


Many  micromechanical  finite  element  studies  have  been  conducted  in  order  to 
determine  the  best  coating  for  SiC  based  fiber  composites.  Ghosen,  et  al.  [6) 
performed  a  micromechanics  analysis  using  a  elasto-isotropic  three  cylinder  finite 
element  model  to  study  the  concept  of  a  compliant  layer  tc  minimize  the  thermal 
residual  stresses  in  the  matrix  using  SiC  and  TiB2  fibers  in  Ti- 1 5-3,  TisAI  and  NiAl 
matrices.  They  suggested  the  optimum  coating  should  have  a  CTE  between  that 
of  the  matrix  and  the  fiber,  with  a  relatively  low  modulus  and  a  high  layer  thickness 
(6).  Doghri,  et  al.  [10]  also  used  a  similar  three  cylinder  model  based  finite  element 
analysis  in  an  attempt  to  optimize  the  interface  layer  in  ceramic  fiber-reinforced 
metal  matrix  composites.  They  concluded  that  a  layer  with  sufficiently  high  CTE 
(much  higher  than  that  of  the  matrix)  should  reduce  the  thermal  stresses  in  the 
matrix  significantly.  Interestingly,  the  conclusion  of  these  two  studies  are 
contradictory.  In  the  present  study  we  have  attempted  to  resolve  this 
contradiction,  and  define  the  CTE  effect  more  precisely,  by  employing  a  different 
finite  element  model  to  investigate  the  potential  for  using  a  coating  to  reduce  the 
thermal  stresses.  Other  parameters  such  as  coating  thickness  and  modulus  will  be 
considered,  in  detail,  in  future  papers. 


Materials  and  methodology 


The  Sigma  fiber/p-21  S  composite  system  wbs  investigated  in  the  present  study. 
The  Sigma  fiber  is  an  SiC  based  fiber  with  tungsten  core  [12)  and  the  P-21S  (Ti-15 
Mo-2.7  Nb-3AI-.2  Si)  is  a  P-titanium  alloy  [13],  The  properties  of  the  constituents, 
i.e.,  fiber,  matrix  and  coating  used  to  model  a  30  percent  fiber  volume  composite 
are  tabulated  in  Table  1.  In  the  present  study,  the  upper  and  lower  bound  of  the 
coating  modulus  is  taken  to  be  200  GPa  and  40  GPa,  respectively.  The  selection 
of  the  modulus  values  was  based  on  literature  values  [9]  allowing  determination  of 
the  combined  effect  of  CTE  and  modulus  of  hypothetical  metallic  coating  on  the 
thermal  stress  state  of  the  composite.  The  CTE  of  the  P-21S  titanium  alloy  was 
determined  using  a  laser-displacement  technique. 


Table  1  ■  Properties  of  Sigma  (SiC)/p-21  S  titanium  metal  matrix  composite  system's 
constituents,  30%  fiber  volume. 


Constituents 

Modulus 

CTE 

(GPa) 

106/°C 

Sigma  fiber  [121 

420 

4.90 

P-21S  [16,17] 

80 

9.30 

Coating 

40,  200 
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Tne  effects  of  the  coating  CTE  was  evaluated  using  a  two-dimensional 
micro-mechanics  finite  element  model  similar  to  that  described  by  Miller  and  Adams 
[14]  and  Adams  and  Crane  [15).  The  model  is  based  on  a  generalized 
plane  strain  finite  element  analysis  of  a  typical  repeating  unit  of  matrix  material 
containing  a  single  fiber  within  a  unidirectional  composite  (Figure  1 ).  This  model 


is  composed  of  124  nodes  and  210  axisymmetric  elements  and  has  three  distinct 
region,  namely  the  fiber,  matrix  and  the  coating.  The  model  allows  each  region  to 
have  different  mechanical  and  thermal  properties.  The  temperature  induced  loads 
can  be  analyzed  to  include  the  effect  of  the  different  regions  on  the  thermally 
induced  residual  stress  state.  For  the  present  analysis,  a  temperature  drop  of 
-777°C  i.e,  from  800°C  to  room  temperature,  was  considered  in  a  single  linear 
increment.  Further,  for  simplicity,  the  variation  of  material  properties  with 
temperature  is  not  considered  in  the  present  analysis. 


Results  and  discussion 


Figures  2-4  illustrate  the  spatial  variation  of  stress  in  the  matrix  at  room 
temperature  as  predicted  by  the  analysis.  Figure  2  shows  the  hoop  stress  state  at 
a  point  in  the  matrix  directly  adjacent  to  the  coating  as  the  composite  is  cooled 
from  800aC  to  room  temperature.  It  is  at  this  location  (Figure  1  and  2)  that  the 
residual  stresses  in  the  matrix  are  a  maximum  making  this  location  the  most 


Figure  1 .  Square  array  of  fibers  end  idealization  of  a  unit  cell. 
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susceptible  to  causing  micro-cracking  of  the  matrix.  For  a  coating  thickness  of  1 5 
micron  and  a  modulus  of  200  GPa,  an  increase  in  the  coating  CTE  results  in  a 
significant  decrease  in  the  hoop  stress  i.e.,  from  440  MPa  to  30  MPa.  Further,  the 
coating  CTE  has  a  more  pronounced  effect  than  the  coating  modulus  on  reducing 
the  hoop  stresses  in  the  matrix.  As  can  be  seen  in  Figure  2,  the  decrease  in  the 
hoop  stress  for  the  40  and  200  GPa  coating  modulus  is  not  significantly  different 
as  the  CTE  is  varied.  This  information  is  significant  in  that  it  shows  the  potential 
of  using  metallic  elements  as  a  possible  coating,  as  the  modulus  of  most  metals  is 
less  than  200  GPa,  investigated  in  the  present  study  191.  Further,  coating 
thickness  plays  an  important  role  in  reducing  the  hoop  stresses  in  the  matrix  as 
seen  in  Figure  2.  When  the  coating  thickness  is  increased  from  5  to  15  microns, 
for  a  similar  coating  modulus  and  high  CTE  value,  the  hoop  stress  in  the  matrix  is 
decreased  by  approximately  65  percent.  Overall,  a  thicker  (15  micron)  coating  of 
high  CTE  (higher  than  that  of  matrix)  has  the  potential  of  reducing  hoop  stresses 
in  the  matrix. 


Coating  CTE  (E-06/Deg.C) 


Figure  2.  Hoop  stress  in  the  matrix  at  location  adjacent  to  the  coating  as  a 
function  of  the  coating  CTE,  modulus  and  thickness. 
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A  similar  observation  can  be  made  for  the  radial  stress  state  in  the  matrix  at  a 
point  directly  adjacent  to  the  coating  (Figure  3).  These  radial  stresses  are 
compressive  in  nature.  A  thick  coating  with  high  CTE  has  a  less  pronounced  effect 
on  reducing  the  radial  compressive  stresses  then  It  has  on  producing  the  hoop 
stress.  Lower  compresssive  redial  stresses  in  the  matrix  are  desirable  as  they 
results  in  a  decrease  in  the  hoop  stress. 


The  effect  of  coating  CTE  on  the  axial  stresses  in  the  matrix  is  shown  in  Figure 
4.  The  axial  stress  in  the  matrix  is  affected  lass  by  the  coating,  however,  a  thick, 
high  modulus  coating  with  a  sufficiently  high  CTE  can  reduce  the  axial  tensile 
stress  in  the  matrix  as  seen  in  Figure  4.  This  is  because,  when  the  coating  CTE, 
thickness,  and  modulus  values  are  at  an  upper  bound,  the  radial  compressive 
stresses  decrease,  resulting  in  a  significant  decre&se  in  the  hoop  and  axial  tensile 
stresses  in  the  matrix. 


Figure  3.  Radial  stress  in  the  matrix  at  location  adjacent  to  the  coating  as  a 
function  of  the  coating  CTE,  modulus  8nd  thickness. 
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Figure  4.  Axial  stress  in  the  matrix  at  location  adjacent  to  the  coating  as  a 
function  of  the  coating  CTE,  modulus  snd  thickness. 


Conclusion 


A  micromechanical  finite  element  analysis  was  performed  to  investigate  the 
effects  of  coating  CTE  on  the  thermal  residual  stresses  in  the  Sigma  fiber 
(SiC)/f)-21S  titanium  metal  matrix  composite  system.  A  coating  with  a  sufficiently 
high  CTE  (higher  than  that  of  the  matrix)  has  the  potential  of  reducing  the  hoop 
stress  in  the  matrix  and  hence,  minimizing  the  tendency  for  matrix  micro-cracking. 
The  CTE  has  a  more  pronounced  effect  on  reducing  the  hoop  stress  in  the  matrix 
than  the  coating  modulus.  The  decrease  in  the  hoop  stress  for  upper  and  lower 
bound  coating  modulus  is  not  significantly  different  as  the  CTE  is  varied.  This 
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information  is  significant  in  that  it  shows  the  potential  of  using  metallic  elements 
as  possible  coatings. 


The  ultimate  selection  of  the  fiber  coating  will  also  depend  on  other  factors  such 
as  chemical  compatibility  between  the  fiber  and  matrix  in  addition  to  the  CTE 
discussed  in  this  paper.  However,  the  finite  element  analysis  indicates  the  required 
coating  mechanical  properties.  Work  is  continuing  to  broaden  this  micro¬ 
mechanics  study  to  include  parameters  such  as  coating  thickness,  modulus,  and 
the  bond  strength  between  the  fiber  and  coating.  It  is  also  planned  to  construct 
more  sophisticated  models  which  include  metallurgical  variables  such  as  the 
reaction  between  the  coating  and  the  matrix. 
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ABSTRACT 

The  applicability  of  fiber  fragmentation  testing  to  characterize  the  fibei/matrix  interfacial  region 
in  SCS-6  SiC  fiber  reinforced  titanium  model  composites  was  evaluated  by  tensile  testing  single 
fiber  composite  specimens  with  Ti-6A1-4V  (wt%)  and  Ti-14Al-2INb  (wt.%)  matrices.  The 
tensile  tests  were  accompanied  by  continuous  monitoring  of  the  acoustic  emissions  produced 
during  testing.  Metallographic  characterization  revealed  that  fiber  fragmentation  behavior  was 
markedly  different  for  the  two  titanium  alloy  composites  studied  and  this  was  attributed  to  the 
differences  in  their  fiber/matrix  interfacial  regions.  The  composite  specimens  showed  short, 
secondary  fiber  ruptures  between  longer  primary  fragments.  The  results  of  this  study  indicate 
that  calculations  based  on  a  standard  shear  lag  analysis  using  measured  fragment  lengths  lead  to 
unrealistic  values  of  interfacial  shear  strength  and,  therefore,  further  understanding  is  required 
before  fragmentation  testing  can  be  utilized  for  interfacial  characterization  of  this  class  of  metal 
matrix  composites. 
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1.  INTRODUCTION 

It  is  generally  believed  that  the  mechanical  properties  of  composite  are  significantly 
affected  by  die  nature  of  the  interface  between  reinforcement  and  matrix.  Consequently,  as 
interest  in  continuous  fiber  reinforced  intermetallic  matrix  composites  (IMC)  and  metal  matrix 
composites  (MMC)  is  growing,  their  interfacial  shear  properties  have  become  the  focus  of 
recent  investigations  which  have  employed  a  number  of  experimental  techniques  including  fiber 
pull  out,  fiber  push  out,  and  single  fiber  fragmentation  (SIT)  tests.  Published  works  on  the 
employment  of  SFF  tests  for  this  class  of  materials  are  quite  scarce  and  include  test  results  for 
the  following  composite  systems:  W/Cu  [  1,2  ],  SiC/Al  1 100  and  SiC/Al  6061[  3  ],  SiC/Ti-6AI- 
4V  [  4,5  ],  and  B/Ti-6A1-4V  [  5  ]. 

In  the  SFF  test,  a  composite  sample  made  of  a  single  fiber  embedded  in  a  ductile  matrix 
is  subjected  to  tensile  loading  along  the  fiber  axis.  Stress  transfer  from  the  matrix  to  the  fiber  by 
shear  causes  the  tensile  stress  along  the  fiber  to  build  up.  When  this  stress  exceeds  the  local 
fiber  strength,  the  single  fiber  breaks  successively  into  smaller  fragments  until  the  fragments 
become  too  short  to  enable  further  increase  in  the  fiber  stress  level 

Using  arguments  based  on  shear  lag  analysis,  Kelly  and  Tyson  [  1  ]  showed  that  the 
critical  fiber  length  for  load  transfer,  Lc,  is  a  function  of  the  interfacial  shear  strength,  tj , 
according  to  the  equation 


ti  =  Of  •  (l) 


where  Of  is  the  tensile  strength  of  the  fiber  at  the  critical  length  and  d  is  the  fiber  diameter. 

Recent  studies  have  used  fragmentation  testing  for  characterizing  the  interfacial 
properties  of  fiber-reinforced  aluminum  matrix  composites  [  3  ]  and  titanium  matrix  composites 
(  4,5  J.  The  fiber/matrix  interfacial  structure  is  markedly  different  in  these  two  composite 
systems  in  that  the  A1  based  composites  show  very  little  interfacial  reaction  and  bonding 
whereas  significant  reaction  is  observed  in  the  Ti  based  composites.  The  influence  of  this 
interfacial  reaction  on  fiber  fragmentation  phenomenon  has  not  been  previously  addressed.  The 
objective  of  the  present  work  is  to  investigate  this  effect  by  studying  the  fiber  fragmentation 
behavior  of  two  different  titanium  based  composites  with  significantly  different  interfacial 
structures. 

2.  EXPERIMENTAL  APPROACH 

The  composites  used  in  this  study  were  SCS-6  SiC  fiber  reinforced  Ti-6A1-4V  and  Ti- 
14Al-21Nb  (both  compositions  in  wt.%).  The  composite  samples  were  fabricated  by  diffusion 
bonding  two  matrix  alloy  sheets  with  a  single  fiber  between  them.  The  processing  method 
consisted  of  vacuum  hot  pressing  at  925°C/5.5  MPa/30  min.  followed  by  hot  isostatic  pressing 

at  1010°C/100  MPa/2  hr.  The  consolidated  samples  were  machined  into  1.50  mm  thick  sheet 
tensile  specimens  with  19.05mm  x  6.35  mm  gage  sections.  All  samples  were  examined  by 
microfocus  x-ray  radiography  to  ascertain  proper  alignment  cf  fiber  parallel  to  the  tensile 
specimen  axis.  Tensile  tests  were  conducted  on  a  servohydraulic  machine  in  laboratory  air  at 
ambient  temperature  at  a  nominal  strain  rate  of  2  x  1(M  s'*  for  Ti-6Al-4V/SCS-6  and  of  1  x 
10'4  s-1  for  Ti-14Al-21Nb/SCS-6  specimens. 

Acoustic  emission  (  AE  )  activity  during  SFF  tests  was  monitored  by  employing  a 
resonant  transducer  with  a  nominal  center  frequency  of  250  KHz  which  was  coupled  via  high 
vacuum  grease  to  the  fiat  gauge  section  of  the  samples.  Transducer  outputs  were  amplified  first 
by  40  dB  using  a  preamplifier  with  a  bandpass  filter  of  100-400  KHz  and  then  by  an  additional 
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20  dB  at  the  main  amplifier.  Some  of  the  AE  waveform  parameters  (peak  amplitude,  duration, 
etc.)  as  well  as  stress,  strain  and  RMS  voltage  of  the  amplified  transducer  outputs,  measured 
using  an  RMS  voltmeter,  were  recorded  on  a  computerized  data  acquisition  system. 

After  testing,  the  samples  were  polished  parallel  to  the  fiber  axis,  and  fiber  fragments 
were  examined  optically  and  in  the  SEM. 

3.  RESULTS  AND  DISCUSSION 

3. 1  Microstructure  of  the  Interface 

Micrographs  depicting  the  interfacia]  region  of  the  two  composite  systems  under  study, 
i.e.  Ti-6Al-4V/SCS-6  and  Ti-14Al-21Nb/SCS-6,  are  given  in  Fig.l.  The  Ti-6A1-4V  matrix 
showed  a+P  structure  with  equiaxed  a  grains  (5-10  pm  grain  size)  and  elongated  f)  phase  at  a 
grain  boundaries  as  well  as  grain  interiors.  The  intermetallic  Ti-14Al-21Nb  matrix  consisted  of 
somewhat  finer  equiaxed  a2  grains  (about  5  pm  grain  size)  with  less  elongated  P  phase  at  ot2 
grain  boundaries.  It  is  evident  that  the  two  composites  display  a  very  distinct  difference  in  the 
character  of  their  matrix/fiber  interface.  In  the  case  of  the  Ti-6Al-4V/SCS-6  system,  a 
significant  reaction  product  layer  varying  from  0.3  to  1  pm  in  thickness  with  a  very  rough 

interface  was  produced  due  to  preferential  reaction  between  the  P-phase  and  the  outer  carbon- 
rich  layer  of  the  fiber.  Much  of  the  outer  carbon-rich  layer  was  consumed  by  this  reaction  and 
the  inner  carbon-rich  coating  layer  was  also  attacked  by  the  matrix  at  several  locations.  In 
contrast,  the  Ti-14Al-21Nb/SCS-6  composite  showed  a  relatively  narrow  layer  of  reaction 
products  with  a  smooth  interfacial  morphology  due  to  limited  reaction  between  the  matrix  and 
the  outer  carbon-rich  coating  layer.  However,  in  the  Ti-14Al-21Nh/SCS-6  composite  a  wide 

(5-10  pm)  layer  of  P-depleted  matrix  was  observed  around  the  fiber. 

3.2.  Tensile  (Fragmentation)  Tests 

Fig.2  contains  typical  stress  and  AE  RMS  voltage  vs.  strain  curves  for  the  two 
composite  systems.  A  distinct  yield  point,  yield  drop  and  Luder's  band  formation  were 
observed  for  the  Ti- 1 4A1-2 1  Nb  material  whereas  continuous  yielding  typified  the  behavior  of 
the  Ti-6A1-4V  system.  The  single-fiber  composite  specimens  of  both  systems  exhibit  a 
significant  amount  of  plastic  straining.  The  Ti-6A1-4V  samples  possess  both  higher  tensile 
ductility  and  higher  strength  when  compared  with  the  Ti-14Al-21Nb  samples.  The  ductility  of 
the  Ti-14Al-21Nb  composites  is  still  quite  high  and  is  attributed  to  an  (0001)  basal  texture 
resulting  from  rolling  of  the  matrix  alloy  sheet  material  used  for  fabricating  these  specimens. 
This  explanation  is  based  on  a  previous  study  of  a  similar  Ti3Al-Nb  alloy  with  a  strong  basal 
texture  which  showed  that  a  high  tensile  elongation  (about  12%)  is  obtained  in  this  material  at 
room  temperature  [  6  ].  The  enhanced  ductility  was  explained  in  terms  of  the  lower  average 
orientation  factor  and  lower  grain  boundary  angles  enabling  the  slip  of  <a>  type  dislocations 
[6  1- 


Examination  of  fibers  in  the  two  composite  systems,  which  were  metallographically 
exposed  after  tensile  testing  (Fig.3)  revealed  that,  in  all  cases,  the  single  fiber  had  fragmented 
during  straining.  Fiber  fracture  behavior  was  found  to  be  distinctly  different  in  the  two 
composite  systems  studied.  The  fiber  fragments  in  Ti-14Al-21Nb/SCS-6  were  significantly 
longer  than  those  in  Ti-6Al-4V/SCS-6.  In  the  case  of  Ti-14Al-21Nb/SCS-6  specimens,  two 

different  types  of  fiber  fragments  were  observed:  longer  (>200  pm)  "primary”  fragments  and  a 
number  of  very  short  "secondary"  fragments  between  the  longer  fragments.  The  secondary 
fragments  are  often  lost  during  polishing,  and  are  not  seen  in  Fig.  3(b).  It  is  supposed  that  the 
primary  fragments  occur  when  the  axial  stress  exceeds  the  local  fiber  strength,  while  the 
secondary  ruptures  occur  as  a  result  of  primary  fiber  fracture  when  stored  elastic  energy  is 
released  in  the  form  of  shock  waves.  Conversely,  in  the  case  of  Ti-6Al-4V/SCS-6  specimens, 
the  "primary"  fragmentation  caused  shattering  of  the  fiber  into  a  number  of  very  small  fragments 
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and  a  distinction  between  primary  and  secondary  fiber  fragments  could  not  be  made.  The 
distribution  of  fragment  lengths  as  measured  in  the  SEM  for  both  the  composite  systems  is 
given  in  Fig  4. 

3.3  Acoustic  Emission  (  AE  ) 

Typical  AE  RMS  voltage  vs.  elongation  curves  for  samples  of  the  two  composite 
systems  are  given  in  Fig. 2.  No  AE  activity  occurred  dunng  elastic  straining  of  Ti-6A1-4V 
samples  whereas  marked  AE  activity  was  noted  to  precede  yielding  in  the  case  of  Ti-14A1- 
21Nb.  In  both  composite  systems,  a  large  number  of  sporadic  high  intensity  AE  bursts 
commenced  with  the  onset  of  plastic  deformation  These  AE  events  clustered  immediately  past 
the  yield  strain  and  then  became  less  frequent  for  the  Ti-6Al-4V/SCS-6  whereas  they  were  more 
evenly  distributed  in  the  case  of  the  Ti-14AJ-2 1  Nh/SCS-6.  The  peak  amplitude  of  these  burst 
events  is  high  (  >95  dB  )  and  their  event  duration  ranges  from  2  to  4  msec.  These 
characteristics  are  significantly  different  from  those  of  most  of  the  signals  detected  dunng  these 
SFF  tests  indicating  the  operation  of  a  distinct  mechanism  The  number  of  these  intense  AE 
bursts  was  found  to  he  similar  to  the  number  of  fragments  produced  in  the  Ti-14Al-21Nh/SCS- 
6  composite  samples.  The  suggesuon  that  each  intense  AE  burst  corresponds  to  a  fragmentation 
event  in  this  material  was  verified  by  stopping  a  test  after  a  given  number  of  bursts  and 
counting  the  number  of  fragments  However,  such  a  correlation  could  not  he  verified  in  the 
case  of  Ti-6AI-4V/SCS-6  since  numerous  secondary  ruptures  followed  primary  fragmentation 
events. 


The  differences  in  the  fiber  fragmentation  behavior  of  Ti-6Al-4V/SCS-6  and  Ti-I4A1- 
21Nh/SCS-6  composites  can  be  explained  in  terms  of  the  differences  in  their  interfacial 
structures  As  Figure  I  shows,  the  Ti-6Al~4V/SCS-6  composite  exhibits  a  very  rough  interface 

due  to  preferential  reaction  between  the  P  phase  of  the  matrix  and  the  SCS-6  fiber  Examination 
of  the  interfacial  region  shows  that  the  outer  carbon-rich  coating  on  the  fiber  is  fully  consumed 
and  the  inner  carbon-rich  coating  layer  is  also  attacked  in  many  locations.  This  attack  probably 
weakened  the  fiber  locally  and  contributed  to  the  observed  shattering. 

If  the  observed  average  fragment  length  ( 140  pun  for  Ti-6Al-4V/SCS-6  and  42<Him  for 
Ti- 14  Al-2 1  Nh/SCS-6)  is  employed  in  Eq  1.  one  obtains  interfacial  shear  strengths  (1500  MPa 
for  Ti-6AI-4V/SCS-6  and  500  MPa  for  Ti-14Al-21Nb.  if  the  fiber  strength  is  assumed  to  be 

4000  MPa)  which  are  abnormally  higher  than  the  t  values  obtained  by  push-out  tests  as  well  as 
those  estimated  from  the  matrix  yield  strength  Another  difficulty  in  interpreting  the  test  results 
stems  from  the  fact  that  the  fragmentation  process  in  Ti-14Al-2 1  Nh/SCS-6  did  not  saturate  and. 
therefore,  the  measured  average  fragment  length  cannot  he  directly  used  to  calculate  the  critical 
length. 

4  CONCLUDING  REMARKS 

The  work  reported  here  is  a  pan  of  an  ongoing  study  dealing  with  the  role  of 
tiber/matnx  interface  in  the  deformation  and  fracture  of  metal  matnx  composites.  In  particular, 
the  applicability  of  fiber  fragmentation  testing  to  derive  the  fiber/matnx  interfacial  shear  strength 
is  being  addressed  The  present  work  has  showed  markedly  different  fiber  fragmentation 
behavior  in  Ti-6AI-4V/SCS-6  and  TJ-14A1-21  Nh/SCS-6  single  fiber  composite  samples  arising 
from  differences  in  the  fiber/matnx  interface.  It  was  also  shown  that  secondary  ruptures  occur 
in  addition  to  primary  fragmentation  events.  In  view  of  these  complex  fiber  fracture 
characteristics,  it  is  concluded  that  direct  measurement  of  fragment  lengths  along  with  a  standard 
shear  lag  analysis  for  estimating  as  has  been  done  in  previous  studies  would  lead  to 

erroneous  values  of  the  interfacial  shear  strength  Tj.  A  cnlical  assessment  of  the  assumptions 
involved  in  the  analysis  of  SFF  test  specimens  is  needed  before  SFF  testing  can  be  employed 
unambiguously  to  this  class  of  materials 
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Figure  1.  SEM  micrographs  showing  the  fihcr/matrix  interface  in  the  two  composites  studied: 
(a)  Ti  6AI-4V/SCS-6  and  (b)  Ti-14AI-2INb/SCS-6 
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Figure  2.  Typical  tensile  stress-strain  curves  and  acoustic  emission  RMS-strain  plots  for  the 
(wo  single  fiber  composite  systems  at  room  temperature 


Figure  3.  Optical  micrographs  showing  a  portion  of  the  fragmented  fiber  in  the  two  composites 
alter  tensile  testing:  (a)  Ti-6AI  4V/SCS-fo  and  0>)  Ti-14Al-2lNb/SCS  6. 
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Figure  4.  The  dislribt'ion  of  Tiber  fragment  lengths  in  the  two  composites  following  tensile 
testing  at  room  temperai  're. 
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ABSTRACT 

This  paper  describes  a  series  of  experiments  performed  to 
characterize  the  fiber/matrix  interface  structure  and  fracture 
behavior  of  a  composite  fabricated  using  a  metastable  beta  alloy, 
Ti-15V-3Cr-3Al-3Sn ,  for  the  matrix.  Annealing  experiments  indicate 
that  the  reaction  zone  thickness  increases  linearly  as  a  function 
of  the  square  root  of  time  at  a  given  temperature.  The  activation 
energy  for  the  process  was  calculated  to  be  74.7  kcal/mol  versus 
64.7  reported  for  the  more  commonly  used  Ti-6A1-4V  alloy.  The 
fiber/matrix  interface  region  was  studied  using  scanning  electron 
microscopy,  transmission  electron  microscopy,  and  electron 
microprobe  analysis  and  was  observed  to  contain  multiple  layers 
of  varying  composition,  comparable  to  what  is  observed  in 
composites  based  on  the  well  characterized  6A1-4V  alloy.  Chemical 
analysis  of  the  interface  region  revealed  the  primary  constituents 
to  be  titanium  silicide  and  titanium  carbide.  SEM  images  of 
transverse  and  longitudinal  tensile  samples  indicates  that  failure 
typically  occurs  at  the  interphase  region  between  the  reaction 
zone  and  the  matrix. 

INTRODUCTION 

Monolithic  metal  alloys  are  being  pushed  to  their  operational 
limits  in  many  demanding  applications.  This  trend  is  clear  in 
aerospace  structures  and  propulsion  systems  where  high  specific 
properties  coupled  with  the  ability  to  operate  for  long  times  at 
elevated  temperatures  can  translate  directly  into  significant 
performance  improvements.  During  the  past  twenty  years  a  number 
of  titanium  matrix  composites  have  been  studied  for  such 
applications.  [1—2]  One  of  the  fundamental  problems  facing 
materials  engineers  however  is  the  high  reactivity  of  titanium  at 
temperatures  required  for  composite  fabrication.  Virtually  all 
matrix  alloy/reinforcement  combinations  tested  exhibit  a  reaction 
or  "interphase"  zone  between  the  matrix  and  reinforcement  that 
results  in  less  than  optimum  composite  mechanical  properties.  This 
zone  typically  consists  of  several  intermetallic  compounds  with 
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poor  mechanical  properties  that  reduce  load  transfer  to  the  fiber 
and  thus  the  effective  strength  of  the  composite.  Experimental 
attempts  to  minimize  the  effects  of  the  reaction  zone  have 
followed  two  primary  approaches  —  i)  control  of  matrix 
composition  to  minimize  the  temperature  and  time  required  for 
composite  fabrication,  or  ii)  coating  of  the  reinforcing  fibers 
with  a  diffusion  barrier  that  inhibits  atomic  transport  at  the 
interface.  To  date  these  attempts  have  met  with  only  limited 
success.  This  study  was  initiated  to  document  the  structure  and 
composition  of  the  interface  zone  present  in  SCS-6  reinforced  Ti- 
15V-3Cr-3Sn-3Al  (referred  to  as  Ti-15-3) .  The  matrix  alloy  is  a 
metastable  beta  phase  alloy  that  can  be  rolled  into  thin  foils  for 
composite  fabrication  at  much  lower  cost  than  Ti-6A1-4V. 

EXPERIMENTAL  AND  MATERIALS 

The  composite  evaluated  in  these  experiments  was  produced  by 
Textron  Specialty  Materials,  Lowell,  MA,  and  consisted  of  a 
unidirectional  panel  (0°]a  measuring  12"  x  12"  x  .060"  fabricated 
via  diffusion  bonding.  The  as  received  panel  contained  40  per  cent 
SCS-6  fiber  by  volume  and  visual  inspection  showed  no  evidence  of 
edge  delaminations  or  surface  defects.  The  growth  kinetics  of  the 
reaction  zone  were  documented  by  isothermal  annealing  experiments 
on  composite  samples  enclosed  in  evacuated  quartz  tubes. 
Characterization  of  the  interface  was  performed  using  a 
combination  of  optical  microscopy,  scanning  electron  microscopy 
with  windowless  EDS,  and  electron  microprobe  analysis.  Tensile 
test  were  performed  with  a  computer  controlled  MTS  load  frame  at. 
a  constant  strain  rate  of  10'5  s'1. 

RESULTS  AND  DISCUSSION 
REACTION  ZONE  GROWTH  KINETICS 

Figure  1  shows  an  optical  micrograph  using  contrast 
enhancement  to  highlight  the  reaction  zone  present  at  the 
fiber/matrix  interface.  The  pyrolytic  graphite  core  onto  which  the 
silicon  carbide  is  deposited  to  form  the  final  fiber  is  clearly 
visible.  The  fibers  typically  have  a  diameter  of  approximately  140 
microns  and  are  coated  with  a  layer  of  Si:C  of  varying 
stoichiometry.  (3]  The  reaction  zone  is  clearly  evident  as  a  white 
ring  surrounding  each  individual  fiber  with  the  zone  thickness 
ranging  from  1.0  to  1.5  microns.  In  order  to  document  the  growth 
kinetics  of  the  reaction  zone  in  this  composite  a  set  of 
isothermal  annealing  experiments  were  performed  at  temperatures 
of  600,  750,  875,  and  950  °C  (1112,  1382,  1607,  and  1742  °F, 
respectively)  for  time  ranging  from  four  to  ninety  six  hours. 
Figure  2  shows  reaction  zone  thickness  as  a  function  of  time  for 
all  temperatures.  The  data  indicate  that  the  zone  thickness 
increases  linearly  with  increasing  square  root  of  time  as 
anticipated  from  previous  measurements  on  6A1-4V.  [4]  Constructing 
an  Arrhenius  plot  (Figure  3)  of  In  k  versus  1/T  for  this  process 
allows  on  to  calculate  the  activation  energy  for  the  process  from 
the  slope,  -Q/R.  Table  1  summarizes  data  from  previous  titanium 
composite  systems  and  indicates  that  both  the  reaction  constant 
and  the  activation  energy  are  functions  of  the  matrix  composition 
and  the  fiber  system  used.  The  activation  energy  calculated  from 
these  experiments  was  74.7  kcal/mol  for  Ti-15-3  versus  64.7 
kcal/mol  for  the  6A1-4V  alloy. 
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Figure  1  -  Optical  Micrograph  using  contract  enhancement 

to  highlight  the  reaction  zone  surrounding  each 
SCS-6  silicon  carbide  fiber. 
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Figure  2  -  Reaction  zone  thickness  (urn)  as  a  function 
of  the  square  root  of  time  for  different 
temperatures. 


CHARACTERIZATION  OF  THE  REACTION  ZONE 

Figure  4  shows  a  scanning  electron  image  of  a  typical 
interface  zone.  Two  features  are  of  particular  importance. 
First,  a  separation  between  the  reaction  zone  and  the  matrix  is 
observed  for  virtually  all  of  the  fibers  across  the  sample  cross 
section.  This  indicates  a  weakly  bonded  interface  as  a  result  of 
the  residua]  stresses  developed  during  fabrication  due  to  the 
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Figure  3  -  Arrhenius  plot  of  In  k  (reaction  constant) 
versus  1/T.  Slope  of  the  curve,  -Q/R,  yields 
the  process  activation  energy,  Q. 
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Table  1  -  Summary  of  Reaction  Constant  and 

Activation  Energy  Data  for  Selected 
Titanium  Matrix  Composites. 

higher  thermal  expansion  coefficient  of  the  matrix.  Second,  a 
series  of  layers  is  visible  as  one  moves  from  the  fiber  surface 
through  the  reaction  zone.  The  outer  layers  (Figure  4,  region  2) 
comprise  the  SCS  coating  deposited  via  CVD.  Region  1  is  the 
reaction  zone  that  forms  during  the  composite  fabrication  process. 

The  composition  of  the  interface  zone  (region  1,  Figure  4) 
was  determined  using  a  combination  of  windowless  energy  dispersive 
spectrometry  and  electron  microprobe  analysis.  Corresponding 
composition  profiles  are  shown  in  Figure  5(a-b)  for  the  reaction 
zone  and  fiber  coating,  respectively.  The  profile  shown  in  Figure 
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Figure  4  -  Scanning  electron  image  of  the  fiber/matrix 
interface  showing  the  SCS  coating  and  the 
reaction  zone.  (As  received  composite). 


5(b)  indicates  the  presence  of  titanium,  carbon,  and  silicon  in 
the  reaction  zone,  probably  in  the  form  of  titanium  carbide  and 
titanium  silicide. 


(a) 


(b) 


Figure  5  -  EDX  Spectra  for  the  numbered  regions  shown  in 
Figure  4:  (a)  reaction  zone  and  (b)  the  SCS 
fiber  coating. 
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Dissolution  of  the  matrix  was  accomplished  by  immersing 
A2  solutions  of  10%  bromine  in  methanol  [4]  and  90% 
HNOj/10%  HF  [5].  The  bromine  solution  dissolved  the  matrix  allov 
leaving  the  reaction  zone  relatively  intact  on  the  fiber  surface. 
The  nitric  acid/hydrof luoric  acid  solution  also  etched  away  the 
reaction  zone  product  leaving  only  the  fiber  and  coating.  Figure 
shows  the  structure  of  the  fiber  surface  following  treatment  in 
methanol/10%  Br^.  The  reaction  product  is  visible  as  the  nodular 
structure  covering  the  lower  part  of  the  fiber.  EDS  analysis  of 
the  nodules  (region  A)  shows  titanium,  carbon,  and  silicon;  region 
B  consists  only  of  silicon  and  carbon. 


Figure  6  -  Scanning  electron  image  of  the  fiber  surface 
following  removal  of  the  matrix  using  a  10  % 
bromine  in  methanol  solution. 


The  presence  of  the  reaction  zone  strongly  affects  the 
mechanical  behavior  of  the  composite  resulting  in  strength  values 
that  are  somewhat  less  than  the  expected  strength  for  a 
unidirectional  composite  based  on  "rule  of  mixtures"  calculations 
A  total  of  twelve  samples  were  tested  in  longitudinal  and 
transverse  tension  relative  to  the  fiber  orientation.  The 
longitudinal  samples  had  a  mean  failure  stress  of  231.2  Ksi  (1.6 
GPa)  which  is  significantly  lower  than  the  value  of  slightly  in 
excess  of  300  Ksi  (2.2  GPa)  predicted  by  the  rule  of  mixtures.  The 
transverse  samples  where  the  matrix  properties  dominate  had  a  mean 
failure  strength  of  36  Ksi  (250  MPa).  The  ultimate  strength  of  the 
un  heat-treated,  non  reinforced  Ti-15-3  alloy  is  on  the  order  of 
120/130  Ksi  (830  MPa). 

Two  mechanisms  have  been  proposed  to  account  for  this 
observed  strength  loss:  (1)  the  fiber  strength  is  degraded  in  the 
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fabrication  process,  [7]  or  (2)  the  reaction  zone  exceeds  some 
critical  size  and  the  resulting  stress  concentration  produces 
fiber  fracture  at  lower  than  expected  stress  levels. [8]  Scanning 
electron  images  of  sample  fracture  surfaces  appear  to  support  (1) 
in  the  case  of  SCS-6  reinforced  Ti-15-3.  Figure  7  shows  a 
scanning  electron  micrograph  of  a  composite  specimen  stressed  to 
failure  in  longitudinal  tension.  The  SCS  coating  is  visible  on 


Figure  7  -  Scanning  electron  image  showing  the  fracture 

surface  morphology  from  a  longitudinal  tension 
specimen. 


Figure  8  -  Scanning  electron  image  of  the  fracture  surface 
from  a  transverse  tension  specimen. 
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fractured  fibers  protruding  from  the  sample  surface.  During  the 
failure  process,  the  reaction  zone  remains  bonded  to  the  matrix 
and  fracture  proceeds  along  the  path  between  the  SCS  coating  and 
the  reaction  zone.  This  is  confirmed  by  EDS  analysis  of  areas 
where  the  fibers  have  been  pulled  away  from  the  matrix  in 
transverse  tension.  (Figure  8,  point  A) .  Titanium,  silicon,  and 
carbon  are  present  at  the  surface,  but  no  vanadium  or  other  matrix 
alloying  elements  can  be  detected.  Analysis  of  the  fiber  surfaces 
indicates  no  titanium  is  present. 


CONCLUSIONS 

The  fiber/matrix  interface  zone  in  Ti-15-3/SCS-6  is 
comparable  to  that  observed  in  Ti-6A1-4V  and  contains  both 
titanium  carbide  and  titanium  silicide.  The  reaction  product 
adheres  tightly  to  the  fiber  surface,  promoting  fracture  to  occur 
between  the  zone  and  the  matrix.  EDS  of  the  fracture  surface 
confirms  this  observation  as  very  little  silicon  or  carbon  can  be 
detected  in  areas  where  fiber  pullout  has  occurred.  The  reaction 
zone  plays  a  critical  role  in  determining  the  strength  of  the 
composite;  longitudinal  and  transverse  tensile  failure  loads  were 
significantly  less  than  predicted  based  on  rule  of  mixtures 
calculations. 
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INTERFACIAL  REACTION  KINETICS  IN  a-  AND  fl-TITANIUM  BASED 
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Abstract 

An  investigation  has  been  made  of  interfacial  reaction  kinetics  in  composites  using 
commercial  purity  titanium,  and  a  fl-titanium  alloy  (Ti-15V-3Cr-3Al-3Sn)  as  matrices; 
particulate  reinforcements  investigated  were  TiBj,  SiC  and  B4C.  The  composites  were 
prepared  by  hot  isostatic  pressing  (HIP'ing)  of  the  matrix  in  powder  form  with  10%  by 
volume  of  the  particulate.  HIP'ing  temperatures  in  the  range  700-900°C  were  used  with  a 
pressure  of  103  MPa  and  subsequent  annealing  was  carried  out  for  times  up  to  100  hours  at 
temperatures  from  800-950°C.  Structural  investigations  were  made  using  electron 
microscopy  (with  x-ray  energy  dispersive  analysis)  and  transmission  electron  microscopy, 
laser  ionisation  mass  analysis  and  x-ray  diffraction.  The  thicknesses  of  the  "compact" 
interface  reaction  layers  were  directly  proportional  to  the  square  root  of  the  treatment  time. 
Activation  energies  for  the  reactions  involving  TiBj,  SiC  and  B4C  in  C.P.Ti  were 
approximately  240,  200  and  170  kJ/mol  respectively.  The  kinetics  were  slowest  in  the 
TiBj/Ti  composite  (e.g.  the  reaction  layer  was  ‘4pm  thick  after  100  hours  annealing  at 
900°C)  and  fastest  with  SiC/Ti  (e.g.  '15pm  after  100  hours  at  900°C).  The  reaction  zone 
thickness  was  significantly  reduced  to  less  than  0. 1pm  (as-HIP’ed)  by  using  the  B-Ti  alloy  as 
the  matrix  with  TiB2  and  HIP'ing  was  successfully  achieved  at  700°C.  The  reaction  zone 
with  TiBj  particles  consisted  essentially  of  TiB,  including  a  region  of  needle-like  crystals, 
whilst  the  reaction  zone  with  B4C  particles  consisted  of  a  "compact"  region  of  TiB+TiC 
phases  with  TiB  needles  growing  out  into  the  matrix.  In  the  composite  with  SiC  particles, 
the  reaction  zone  v/as  of  a  complex  multi-layer  nature  containing  TiC  and  titanium  silicides. 
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1  Introduction 


Interest  in  potential  aerospace  applications  for  titanium  matrix  composites  has  stimulated 
considerable  research  activity;  previously  reported  work  has  used  various  titanium-based 
matrices!  1-21  with  ceramic  fibres  such  as  boron  or  SiC.  Among  difficulties  encountered 
were  adverse  effects  on  mechanical  properties  resulting  from  matrix-ceramic  interaction 
producing  brittle  and  often  cracked  interface  layers.  An  important  approach  to  overcome 
this  difficulty  is  to  optimise  the  processing  parameters,  particularly  by  reducing  processing 
temperatures  and  to  use  high  pressure  in  solid  state  powder  consolidation.  Also  important  is 
the  selection  of  matrix-ceramic  combinations  in  relation  to  thermodynamic  and  kinetic 
characteristics,  to  minimise  interface  reaction.  The  research  reported  here  aimed  to  study 
the  structural  features,  mechanisms  and  kinetics  of  interface  reactions  in  C.P.Ti  and  a  B-Ti 
alloy  (Ti-15-3-3-3)  with  particulate  dispersions  of  TiB2,  SiC  and  B4C. 

Powders  of  99.5%  commercial  purity  titanium  (C.P.Ti)  and  pre-alloyed  Ti-15V-3Cr-3Al- 
3Sn  (wt%)  were  used  as  matrices,  with  10  vol%  of  particles  of  TiB2,  SiC  and  B4C  as  the 
reinforcement  phases;  a  wide  range  of  particle  sizes  was  involved  (Table  I).  The  powders 
were  blended  and  cold  pressed  prior  to  HiP’ing  in  titanium  capsules.  HIP'ing  was  carried 
out  in  an  argon  atmosphere  with  standard  conditions  of  2  hours  at  103  MPa  pressure  at  a 
temperature  of  900°C  followed  by  slow  cooling.  Uniformity  of  structures  of  the  products 
was  checked  using  triplicate  HIP'ing  experiments.  Some  HIP'ing  was  carried  out  on  the 
B-Ti  alloy  at  800°C  and  700°C  for  2  hours  at  103  MPa  pressure.  After  HiP’ing  samples  of 
the  composite  rod  were  heat-treated  for  times  up  to  100  hours  at  temperatures  in  the  range 
800-950°C  in  argon. 

Standard  techniques  were  employed  for  light  microscopy,  scanning  electron  microscopy 
(SEM)  and  x-ray  diffraction  (XRD)  studies.  For  transmission  electron  microscopy  (TEM) 
samples  were  mechanically  dimpled  and  ion  beam  thinned.  Interface  reaction  zones  were 
analysed  by  electron  probe  micro-analysis  (EPMA)  and  also  by  means  of  laser  ionisation 
mass  analysis  (LIMA). 


Table  1  Particle  Size  Distributions 


C.P.Ti 

Ti-15-3-3-3 

TiB2 

SiC 

b4c 

Range(nm) 

10-250 

2-35 

2-30 

10-160 

2-85 

MeanOim) 

150 

10 

7 

70 

10 

3  Results 


3.1  Metallographic  Examination 

3.1.1  li/Iiih  The  as-HIP'ed  material  (900°C)  (Figs.  1  &  2)  showed  TiBj  particles  ranging 
ii.  size  from  ~  1  to  30/xm  with  some  clustering  of  particles  at  the  matrix  grain  boundaries, 


and  associated  porosity.  The  matrix  structure  was  o-Ti  and  there  was  a  narrow  reaction 
zone  at  the  particle/matrix  interface  (Fig.  2).  TEM  examination  of  this  zone  showed  a 
"compact"  region  penetrating  the  TiB2  particles,  with  needle-like  crystals  of  TiB 
(*30-300  nm  in  width)  extending  into  the  matrix  (Fig.  3). 

3.1.2  Ti-15-3-3-3/TiB?  The  microstructure  after  HIP'ing  at  900°C,  viewed  by  light 
microscopy  was  similar  to  that  of  the  Ti-TiB2  composite.  SEM  examination  showed  that  the 
interface  reaction  produced  a  "compact"  region  and  a  network  of  TiB  needle  like  crystals 
(Fig.  4).  The  matrix  showed  B  phase  with  _  particles  precipitated  during  cooling  from  the 
HIP'ing  temperature.  Fig.  3  shows  features  of  the  structure  after  100  hrs  annealing  at 
900°C  including  coarse  TiB  crystals  (up  to  *3pm  in  diameter  and  '25pm  in  length). 
HIP'ing  at  800°C  gives  rise  to  a  discontinuous  and  very  narrow  reaction  zone  (<  0.2pm 
thick)  (Fig.  6);  no  TiB  was  observed  by  SEM  and  the  matrix  showed  _  precipitated  from  B 
during  cooling. 

3.1.3  Ti/SiC  The  HIP'ed  structure  contained  a  wide  range  of  sizes  of  SiC  particles, 
uniformly  distributed  in  the  Ti  matrix.  There  was  a  uniform  reaction  zone,  '2.4pm  thick, 
consuming  the  SiC  particles;  some  porosity  was  present  and  also  some  cracking  of  SiC 
particles,  the  latter  effect  being  attributed  to  the  cold  compacting  stage  of  processing.  TEM 
observations  of  a  region  of  the  interfacial  reaction  zone  extending  into  the  SiC  show 
particles  of  TiC  (*10nm  in  diameter)  and  of  titanium  silicides  in  a  matrix  of  SiC  (Fig.  7). 
Annealing  for  100  hrs  at  900°C  led  to  an  increase  in  thickness  of  the  reaction  zone  to 
'15pm  (Fig.  8).  Within  this  zone,  an  inner  region  '0.5-lpm  thick  is  present  extending  into 
the  SiC,  associated  with  what  appears  to  be  porosity.  Adjoining  this  region  there  is  a  region 
consisting  mainly  of  TiC  and  Ti5Si3  whose  extent  increased  with  increasing  annealing  time 
and  temperature;  evidence  of  the  presence  of  TijSi  was  also  obtained  from  XRD.  The 
outermost  part  of  the  reaction  zone  appears  to  consist  of  a  silicide  and  TiC.  Fig.  13  shows 
the  compositional  profile  across  the  reaction  zone  after  100  hrs  annealing  at  900°C,  as 
determined  by  EPMA  (C  is  determined  by  difference).  During  the  annealing,  the  interaction 
zone  originally  formed  by  HIP'ing  extended  substantially  into  the  SiC  particles,  whilst  also 
growing  outwards  into  the  Ti  matrix. 

3.1.4  Ti- 15-3-3-3/SiC  HIP'ing  at  900°C  produced  a  reaction  layer  of  only  ‘0.4pm  in 
thickness  (cf  2.4pm  with  C.P.Ti);  the  structure  within  the  reaction  zone  was  similar  to  that 
in  the  Ti/SiC  composite.  Titanium-based  carbide  was  present  along  the  matrix  grain 
boundaries  (Fig.  9)  implying  considerable  diffusion  of  carbon  from  the  SiC.  The  reaction 
zone  increased  in  extent  on  annealing  for  100  hrs  at  900°C  and  resembles  that  of  the  Ti/SiC 
composite  except  that  the  outermost  layer  of  silicide  was  not  observed  and  showed  similar 
compositional  profiles  for  Ti,  Si  and  C  to  those  shown  in  Fig.  8.  The  stoichiometries  of  the 
phases  in  the  reaction  zone  are  suggested  to  be  mainly  (Ti,V)C  and  (Ti, V)5(Si, Al)3. 
Lowering  of  the  HIP'ing  temperature  to  800°C  reduced  the  interface  zone  thickness  to 
0.2pm  (Fig.  10);  the  matrix  contained  a  phase  precipitated  from  B  during  cooling. 
Consolidation  by  HIP'ing  at  700°C  was  also  successfully  achieved  with  a  further  reduction 
in  reaction  zone  thickness  and  no  TiC  precipitation  at  grain  boundaries. 

3.1.5  Ti/B^C  The  HIP'ed  material  (900°C)  showed  a  wide  range  of  size  of  B4C  particles; 
the  smaller  particles  tended  to  be  clustered  along  the  Ti  grain  boundaries.  The  reaction 
zones  showed  a  compact  region  of  '1.5pm  thickness  with  a  network  of  TiB  crystals  of 
needle  like  form,  growing  into  the  matrix.  Annealing  for  100  hours  at  900°C  increased  the 


thickness  of  the  reaction  zone  to  '10pm  (Fig.  11).  LIMA  analysis  of  the  reaction  zone 
indicated  the  presence  of  TiC  and  TiB  (Fig.  14). 


3.1.6  Ti-15-3-3-3/B4C  The  extent  of  the  interface  reaction  zone  ('0.8  pm)  formed  during 
HIP'ing  was  much  less  than  in  the  Ti/B4C  composite;  it  consisted  of  a  uniform  ’compact* 
region  of  TiC  and  TiB  of  very  small  grain  size  (Fig.  12). 

3.2  Interface  Reaction  Kinetics 

The  thicknesses  of  the  reaction  zones  after  HIP'ing  at  900°C  and  after  subsequent  annealing 
are  reported  as  the  average  of  "60-100  measurements;  only  the  thicknesses  of  the  "compact" 
regions  were  measured.  In  all  cases  it  was  found  that  the  best  fit  to  the  data  was  obtained  by 
plotting  reaction  zone  thicknesses  (x)  squared  against  annealing  time  (t)  (eg  Fig.  15) 
although  in  the  case  of  TiB?  at  low  temperatures  the  very  limited  reaction  zone  growth  made 
measurements  highly  approximate.  Data  for  SiC  for  both  matrix  materials  :j  presented  for 
annealing  temperatures  between  800  and  950°C  in  Fig.  16.  Parabolic  rate  constants  for 
growth  of  the  compact  reaction  layers  were  determined  and  are  presented  in  Fig.  18  as 
functions  of  temperature.  Approximate  activation  energies  were  determined  and  are  shown 
in  Table  II. 


Table  II  Activation  Energy  Values,  Q  (kJ/mol)  and  Parabolic  Rate  Constants  k 
at  900°C  (cmJ/s)  for  Compact  Reaction  Layer  Growth 


Matrix 

TiBj 

SiC 

b4c 

Q 

k 

Q 

k 

Q 

k 

C.P.Ti 

240 

2.1xl013 

200 

5.3xl012 

170 

2.5x-10*'2 

jS-Ti 

210 

1.7xl0"13 

240 

1.5x10-12 

270 

8.5xlO>3 

In  the  case  of  TiB2  the  low  temperature  rate  constants  are  highly  approximate  and  were  not 
employed  in  the  determination  of  the  activation  energy.  Their  relatively  high  values  do 
suggest,  however,  the  possibility  that  short  circuit  diffusion  paths  may  be  rate  controlling  in 
the  low  temperature  regime. 

4  Discussion 


4.1  UlElicg 

The  standard  conditions  of  HIP'ing  used,  namely  2  hrs  at  900°C  with  103  MPa  pressure 
were  effective  in  producing  '100%  density  composites  with  all  three  of  the  particulate 
dispersions,  TiB2,  SiC  and  B4C.  The  HIP'ing  map  reported  (Ashby)l3!  for  a-titanium 
indicates  that  in  the  absence  of  ceramic  particles  such  values  of  density  could  be  achieved  at 
a  temperature  of  900°C  in  less  than  1.5  hrs  at  103  MPa  pressure.  This  is  in  general 
agreement  with  the  present  results  for  the  composites, although  where  there  is  significant 
ceramic-ceramic  contact,  due  to  metal-ceramic  particle  size  mismatch,  the  Ashby  model  will 


not  provide  an  adequate  guide.  The  differential  thermal  contraction  of  the  parent  and 
product  phases  combined  with  the  volume  changes  associated  with  the  interfacial  reactions 
gave  rise  to  cracking  where  reaction  zones  were  thick  and  the  particles  were  large.  The  use 
of  a  8  matrix  has  confirmed  previously  reported  work!4'5)  that  HIP'ing  temperatures  can  be 
substantially  reduced  (e.g.  to  700°C)  while  still  achieving  the  required  level  of  density.  The 
results  show  that  of  the  three  particulates  studied  TiB2  offers  the  best  prospects;  in  addition 
to  achieving  virtually  100%  density  in  the  composite,  there  is  good  bonding  between 
ceramic  and  matrix  with  small  interaction  zones,  for  appropriate  HIP'ing  conditions 
temperatures  between  850  and  900° C. 

4.2  Structural  Features  of  Interface  Zones 


In  the  C.P.Ti-TiB2  interface  zone,  EPMA  showed  that  the  TiB  adjacent  to  TiB2  had  the 
approximate  composition,  TiBo  95  while  that  near  the  titanium  matrix  corresponded  to 
TiBo.881  this  result  agrees  reasonably  with  the  limits  of  stoichiometry  of  TiB  as  shown  in 
the  phase  diagraml6l.  However,  whereas  the  phase  diagram  indicates  that  the  Ti3B4  phase 
should  be  interposed  between  TiB2  and  TiB,  no  evidence  of  Ti3B4  was  found  in  the 
C.P.Ti-TiBj  composite.  In  contrast,  x-ray  diffraction  data  from  the  B  alloy-TiB2  composite 
showed  the  presence  of  Ti3B4. 

In  composites  containing  SiC,  the  interface  reaction  zone  contains  titanium-based  carbide 
and  silicides.  There  are  general  similarities  between  the  results  of  various  investigations  on 
Sid7-8!  and  the  present  work,  although  there  are  differences  in  detail,  depending  on  factors 
such  as  processing  temperatures.  The  formation  of  a  ternary  compound  Ti3SiC2,  previously 
reportedi9!  as  forming  during  processing  at  1200°C  has  not  been  detected  in  the  present 
work;  the  presence  of  a  carbon-rich  region  on  the  surface  of  the  as-received  SiC  particles 
(detected  by  XRD)  influences  the  initially  formed  layer  of  TiC+Sid10l. 

In  the  case  of  B4C  (Fig.  12),  the  very  thick  reaction  zone  contains  very  fine  crystals  with 
decohesion  of  the  B4C  from  the  reaction  zone. 

4.3  Kinetics  of  Interfacial  Reactions 

In  all  cases  the  parabolic  kinetics  imply  that  transport  through  the  growing  interface  reaction 
products  is  the  rate  controlling  step.  Although  diffusion  data  for  B  in  Ti  are  lacking,  the 
comparison  of  activation  energies  in  all  cases  exceeds  that  expected  for  diffusion  of  relevant 
species  through  either  or-  or  B-Ti.  Differences  in  activation  energies  for  a  and  /S  matrices 
may  be  apparent  and  due  to  the  limited  accuracy  of  the  measurements.  It  is  also  possible 
that  the  changes  in  chemistry  between  the  two  matrices  may  genuinely  alter  the  activation 
energy.  The  important  role  of  the  fl  alloy  is  that  the  HIP'ing  temperature  can  be  reduced  to 
700°C  due  to  the  fast  diffusion  in  the  B  during  the  HIP'ing  process,  while  the  high 
activation  energies  in  the  reaction  zone  inhibits  its  growth. 

S  Conclusions 

1.  C.P.titanium  matrix  composites  with  TiB2,  SiC  and  B4C  particulate  reinforcements 
can  be  successfully  HIP'ed  to  *100%  densification  at  900°C  with  a  pressure  of  103  MPa  for 
2  hours  in  an  argon  atmosphere;  the  as-HIP'ed  interfacial  reaction  zones  are  in  the  range  of 
thicknesses  *1.5-2.5^01. 
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2.  Fully  HIP'ed  8  alloy  (Ti-15V-3Cr-3Al-3Sn)  matrix  composites  with  TiBj  and  SiC 
particulates  can  be  obtained  at  a  temperature  as  low  as  700rC;  with  TiB2  particles,  no 
interface  zone  was  observed  on  examination  by  ,~EM. 

3.  The  kinetics  of  interface  reactions  are  interpreted  as  being  controlled  by  diffusion 
through  the  reaction  products  in  the  'compact'1  interface  reaction  zones;  this  applies  from 
800  to  900°C,  spanning  the  a  and  0  ranges  for  C.P.Ti.  It  appears  that  the  rates  of  growth 
of  the  interfacial  reaction  are  too  fast  to  achieve  acceptable  microstructures  in  all  the 
titanium  matrix  composites  (TMCs)  studied  at  annealing  temperatures  above  900°C. 
Reaction  rate  constants  (k)  for  TMCs  with  TiB2  particles  are  significantly  lower  than  those 
with  SiC  and  B4C  particles. 
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The  use  of  Pushout  Testing  to  Investigate 
the  Interfacial  Mechanical  Properties  of 
Ti-SiC  Monofilament  Composites 
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University  of  Cambridge 
Pembroke  Street,  Cambridge  CB2  3QZ,  UK 

Abstract 

Specimens  were  subjected  to  single  fibre  pushout  testing  after  various  heat  treatments  and  it 
is  shown  that  a  progressive  increase  in  the  interfacial  shear  stress  for  frictional  sliding  is 
observed  as  reaction  proceeds.  This  increase  in  the  resistance  to  frictional  sliding  can  be 
correlated  with  a  decrease  in  the  thickness  of  the  graphitic  layer.  A  novel  test  is  described  in 
which  the  push-out  behaviour  of  single  fibres  is  measured  with  the  simultaneous  application  of 
an  equal  biaxial  stress  in  the  plane  of  the  specimen.  This  will  in  principle  allow  any  mode 
mixity  between  pure  shear  and  pure  opening  to  be  generated  at  the  fibre/matrix  interface.  The 
level  of  residual  stress  will  need  to  be  established  if  this  mixity  is  to  be  accurately  known. 
Preliminary  data  for  the  as-fabricated  composite  show  that  a  significant  change  in  the  critical 
shear  stress  required  for  frictional  sliding  is  observed  on  introducing  an  opening  mode  stress  of 
comparable  magnitude. 

1.  Introduction 

There  is  considerable  interest  in  exploring  the  mechanical  response  of  interfaces  in  MMCs. 
Significant  advances  have  been  made  recently  concerning  stresses  and  fracture  mechanics  at 
bimaterial  interfaces1'5.  For  interfaces  which  are  significantly  less  tough  than  the  neighbouring 
bulk  materials,  a  crack  (ie  a  debonding  event)  can  continue  to  follow  an  interface,  even  though 
the  stress  intensity  at  the  crack  tip  is  not  purely  mode  I  (crack  opening)  and  may  have  a 
substantial  mode  II  (shearing)  component6,7.  The  mixity  of  crack  tip  loading  mode  can  vary 
between  pure  mode  I  and  pure  mode  II,  depending  on  the  loading  geometry  and  elastic 
properties  of  the  two  materials.  This  mixity  is  commonly  characterised  by  the  so-called  phase 
angle,  y,  which  is  the  angle  with  a  tangent  given  by  the  ratio  of  the  mode  II  to  mode  I  stress 
intensity  factors  at  the  crack  tip.  This  mixity  is  important  because  the  toughness,  for  example 
the  critical  strain  energy  release  rate,  Q\c,  can  vary  quite  markedly  with  y.  A  large  shear 
component  tends  to  result  in  the  crack  tip  being  shielded  (particularly  if  the  interface  is 
geometrically  rough),  with  more  frictional  work  being  done  in  the  wake  of  the  crack  -  leading 
to  a  larger  QK  value. 

o  1  n 

Various  tests  have  been  devised  to  measure  gjC.  However,  many  of  these  are  applicable 
only  to  planar  interfaces;  those  suitable  for  fibre/matrix  interfaces  tend  to  be  limited  to  large 
values  of  y  (ie  predominantly  shear  loading).  Tests  developed  for  fibre  composites15,  such  as 
pull-out14'16  and  full  fragmentation17  tests,  are  in  general  aimed  at  identification  of  critical 
stress  levels  for  debonding  or  sliding  under  pure  shear  loading.  Moreover,  for  many  tests  the 
specimen  must  be  produced  in  a  special  operation  which  differs  from  the  normal  composite 
manufacturing  route  and  may  thus  create  different  interfacial  microstructures  and  residual 
stresses.  One  of  the  few  tests  which  can  be  applied  to  normal  fibrous  composite  material  is  the 
single  fibre  pushout  (or  push-down)  test.  There  is  therefore  considerable  interest  in  this 
procedure,  in  spite  of  the  apparent  limitation  to  pure  shear  loading  (y=90‘). 
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Fibre  pushout  and  push-down  testing  has  received  considerable  attention  recently,  in  terms 
of  both  experimental  and  theoretical  work18'24.  This  has  included  the  derivation  of  various 
shear  lag-type  analytical  solutions  to  the  stress  field.  More  recently,  finite  element  study25  and 
photoelastic  examinations26  have  shown  that  the  variations  in  shear  stress  along  the  length  of 
the  fibre  are  less  pronounced  than  predicted  by  shear  lag  models.  Debonding  is  stimulated  near 
the  free  surface  under  essentially  pure  shear  loading.  (In  fact,  the  applied  load  generates  a 
normal  stress  on  the  interface  by  differential  Poisson  expansion,  and  residual  thermal  stresses 
are  also  present,  but  since  both  effects  usually  generate  radial  compression,  there  is  no  mode  1 
loading.)  Once  debonding  has  started,  it  will  propagate  along  the  length  of  the  fibre.  After  the 
initiation  of  debonding,  motion  will  be  at  first  partly  and  then  purely  by  frictional  sliding  at  the 
interface.  While  debonding  is  taking  place,  the  load  may  rise  or  fall,  depending  on  the 
debonding  and  frictional  sliding  stresses.  The  pushout  test  can  also  be  used  to  obtain  gK  data. 
Analyses  have  been  presented19'27,28  of  the  energy  balance  during  pushout.  These  depend  on 
monitoring  of  the  load/displacement  behaviour  during  progressive  debonding. 

In  the  present  paper,  the  conventional  pushout  test  is  first  used  to  explore  the  effect  of 
interfacial  chemical  reaction  on  the  shear  strength  in  the  Ti-6Al-4V/SiC  system.  A  variant  of  the 
pushout  test  is  then  proposed,  in  which  the  specimen  is  subjected  to  equal  biaxial  in-plane 
tension  while  an  axial  compressive  load  is  applied  to  a  fibre.  This  should  in  principle  allow  any 
value  of  \|/  from  O'  to  90'  to  be  generated,  depending  on  the  proportion  of  in  plane  and  axial 
stresses  (and  the  presence  of  residual  stresses).  Some  preliminary  results  are  presented  here, 
obtained  with  a  set-up  giving  only  the  peak  load  needed  for  pushout.  Interfacial  work  of 
fracture  data  cannot  be  obtained  without  continuous  load/displacement  monitoring,  but  the 
results  serve  to  demonstrate  that  the  test  procedure  is  viable  and  that  an  effect  of  the  type 
expected  was  observed  on  changing  the  mode  mixity. 

2.  Experimental 

2.1  Material  Production 

The  composite  used  in  this  investigation  was  supplied  by  BP  pic  in  the  form  of  30-ply  and 
6-ply  panels,  prepared  by  hot  isostatic  pressing  of  Ti-6A1-4V  foils  and  SiC  monofilaments 
(-35%  by  volume).  The  monofilaments  were  W-cored,  stoichiometric  SiC,  100  pm  in 
diameter,  with  a  duplex  coating  of  graphitic  carbon  and  TiB2  (-  I  pm  of  each).  A  typical 
transverse  section  through  the  composite  material  in  the  as-fabricated  state  is  shown  in  Fig.l. 

The  hot  pressing  operation  involved  a  heat  treatment  which  generated  a  brittle  layer  (initial 
TiB2  coating  plus  any  subsequent  reaction  product29  which  takes  the  form  of  TiB  needles 
extending  into  the  matrix)  of  about  2  pm  in  thickness.  Further  heat  treatments  were  carried  out 
in  sealed  silica  ampoules  evacuated  to  about  10'5  torr.  In  view  of  the  danger  of  residual 
oxygen  penetrating  along  fibre/matrix  interfaces^0,  final  cutting  and  machining  operations 
(removing  any  material  contaminated  in  this  way)  were  carried  out  after  the  heat  treatment.  A 
treatment  temperature  of  865"C  was  selected,  which  is  sufficiently  high  to  cause  significant 
changes  in  reaction  layer  thickness  within  relatively  short  periods.  Treatment  times  ranged 
from  3.25  to  26  hours.  Microstructures  of  as-fabricated  and  heat  treated  specimens  are  shown 
in  Fig. 2  Final  reaction  layer  thicknesses  ranged  up  to  about  6  pm. 

2.2  Specimen  Preparation 

Two  types  of  specimen  were  produced.  For  evaluation  of  interfacial  shear  strengths  under 
pure  shear  loading,  wedge-shaped  specimens  were  made  by  careful  grinding  and  polishing, 
using  a  special  jig  designed  to  ensure  that  the  surfaces  were  fiat  and  inclined  at  an  angle  of  3”. 
One  of  the  surfaces  was  normal  to  the  fibre  axis.  The  other  type  of  specimen,  of  uniform 
thickness,  was  designed  to  allow  the  interfacial  shear  strength  to  be  evaluated  in  the  presence  of 
an  applied  radial  tensile  stress  across  the  interface.  A  small  specimen,  5  mm  square  and  2  mm 
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thick,  was  cut  from  a  30-ply  panel,  the  fibres  lying  normal  to  the  square  surface.  In  order  to 
facilitate  gripping,  the  composite  specimen  was  diffusion  bonded  into  a  larger  panel  of 
unreinforced  Ti-alloy.  This  was  done  by  stacking  6  alloy  foils,  each  20  mm  square  and 
500  pm  thick  and  placing  the  composite  specimen  on  top,  after  chamfering  the  edges  to  an 
angle  of  45’.  This  assembly  was  then  diffusion  bonded  together  at  850°C  for  30  minutes  under 
about  5  10‘4  torr.,  with  a  maintained  stress  of  150  MPa.  The  composite  square  became 
immersed  in  the  unreinforced  material  during  this  treatment,  with  the  fibres  remaining  vertical. 
After  bonding,  the  specimen  was  cut  and  ground,  then  thinned  by  careful  metallographic 
polishing  to  produce  a  'foil'  of  thickness  around  100  jim. 

2.3  Testing  Procedures 

2.3.1  Wedge-shaped  Specimens 

The  procedure  is  described  in  detail  elsewhere31.  The  arrangement  is  shown  schematically 
in  Fig.3.  The  wedge  was  supported  on  a  horizontal  surface,  so  that  the  fibres  were  lying 
vertical.  A  selected  fibre  was  positioned  over  a  groove  approximately  250-300  urn  wide  and 
500  Jim  deep.  Loads  were  applied  axially  to  the  centre  of  the  fibre  with  a  pyramidal  diamond 
indenter,  using  a  conventional  Leitz  Miniload  microhardness  machine.  Loads  were 
progressively  increased,  and  the  fibre  inspected  after  each  loading  application,  until  the  fibre 
was  seen  to  be  permanently  displaced.  The  maximum  load  which  induced  no  displacement  and 
the  subsequent  pushout  load  were  then  recorded  for  each  fibre.  By  observing  the  distance  of 
particular  fibres  from  the  end  of  the  wedge,  the  aspect  ratios  can  be  calculated  and  the  variation 
of  pushout  load  with  fibre  aspect  ratio  determined.  In  all  cases,  the  wedge  was  inverted,  placed 
on  a  surface  inclined  at  3’  to  the  horizontal  and  the  testing  repeated  to  measure  the  load 
necessary  to  push  the  fibre  back.  These  operations  confirmed  that  the  pushout  load  required 
was  determined  by  the  shear  stress  for  frictional  sliding,  rather  than  debonding. 

2.3.2  Tensioned  Pushout  Testing 

The  procedure  has  been  described  in  detail  elsewhere  The  test  set-up  allowed  biaxial 
loads  to  be  applied  in  the  plane  of  the  specimen,  whilst  supported  from  beneath  by  a  plinth  with 
a  hole  of  diameter  about  200  pm,  into  which  the  fibres  could  be  pushed  -  see  Fig.4.  Before 
the  specimen  was  placed  in  the  grips,  small  strain  gauges  were  attached  on  the  unreinforced 
material,  parallel  to  the  two  in-plane  loading  directions.  Readings  from  these  were  monitored 
during  adjustment  of  the  loads  to  ensure  that  an  equal  biaxial  stress  state  was  generated.  Since 
the  specimen  was  relatively  thin,  there  was  a  danger  of  significant  curvature  arising  during 
handling  and  loading  -  both  in-plane  and  when  indenting  individual  fibres.  In  order  to 
compensate  for  the  effect  of  this  curvature  on  the  strain  gauge  readings,  gauges  were  also 
attached  on  the  underside  of  the  specimen,  The  applied  in-plane  loads  could  then  be  adjusted 
until  the  mean  readings  of  each  pair  of  strain  gauges  were  the  same,  since  this  corresponded  to 
the  volume-averaged  in-plane  stresses  being  equal  in  the  two  directions.  A  low  magnification 
view  of  a  tensioned  pushout  specimen  is  shown  in  Fig. 5. 

The  specimen  was  placed  in  the  grip  assembly,  which  was  then  moved  around  on  the  base 
until  a  selected  fibre  was  centred  in  the  optical  imaging  system  of  the  indenter.  The  in-plane 
stress  was  then  generated  via  simple  screw  arrangements  on  one  half  of  each  pair  of  grips. 
Compressive  loads  were  then  applied  axially  to  the  fibre  with  a  conventional  microhardness 
pyramidal  indenter,  the  fibre  being  viewed  after  each  loading  operation.  The  applied  axial  load 
was  progressively  increased  until  pushout  was  seen  to  have  occurred. 
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Fig. 2 


F  i  K  - 1 

SLM  micrograph  of  a  polished  transverse  section  through  an  as-fabricated  composite. 
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SHM  micrographs  of  polished  and  etched  specimens,  showing  interfacia!  reaction  zones 
(a)  as-fabneated.  (b)  after  13  hours  @  86.VC  and  (c)  after  26  hours  @  865‘C. 
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Fig. 3 

illustration  of  the  setup  for  (a)  pushout  testing  and  (b)  pushing  protruding  fibres 
back  into  the  matrix.  The  angle  a  was  about  3*. 
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3.  Results  and  Discussion 


3.1  The  Effect  of  Reaction  Layer  Thickness  on  Pushout  in  Pure  Shear 

It  has  been  shown  previously33  that,  over  the  range  of  fibre  aspect  ratios  of  interest,  the 
pushout  load  in  this  system  can  be  used  to  deduce  the  critical  shear  stress  for  interfacial 
frictional  sliding,  Xfr.  This  is  simply  given  by  one  quarter  of  the  gradient  of  a  plot  of  pushout 
stress  against  fibre  aspect  ratio  (length/diameter). 


Tfr  = 


Qpo(s) 
4  s 


(1) 


Some  typical  experimental  data  are  shown  in  Fig.6.  The  linearity  of  the  plots  for  each  heat 
treatment  condition  is  consistent  with  the  pushout  loads  being  determined  in  each  case  by  the 
value  of  Tfr.  The  rise  in  plot  gradient  with  increasing  heat  treatment  time  indicates  that  Xfr  is 
raised  by  intcrfacial  reaction.  The  initial  increase  in  Xfr  is  probably  due  to  a  progressive 
decrease  in  the  thickness  of  the  graphitic  layer33,34.  The  relatively  sharp  increase  subsequently 
may  correspond  to  the  interface  becoming  rather  rough,  with  no  remaining  graphitic  layer. 


3.2  Tensioned  Pushout  Data  for  the  As-fabricated  Composite 

The  interpretation  of  results  from  the  tensioned  pushout  test  is  described  elsewhere32. 
Using  the  coaxial  cylinder  model35,36,  it  was  shown  that  the  normal  stress  across  the 
fibre/matrix  interface,  or,  will,  for  the  case  of  this  particular  composite,  be  about  25%  higher 
than  the  far  field  in-plane  applied  stress  Oi 

or  ~1.25oi  (2) 

The  value  of  the  in-plane  biaxial  stress  Oi  is  related  to  the  strain  gauge  reading  esby  the 
equation 


Em  Es 

oi  = - 

(1  -  vm) 


(3) 


where  Em  and  vm  are  the  Young’s  modulus  and  Poisson's  ratio  of  the  matrix.  The  value  of  or 
can  therefore  be  calculated  for  any  given  strain  gauge  reading.  In  order  to  establish  the  actual 
interfacial  radial  stress,  it  will  be  necessary  for  any  residual  stresses  to  be  added  to  this.  In 
practice,  differential  thermal  contraction  is  likely32  to  have  generated  a  compressive  radial  stress 
of  the  order  of  200  MPa  in  this  system. 

Preliminary  experimental  data  are  shown  in  Fig.7,  giving  the  experimental  pushout  stress, 
converted  to  an  interfacial  shear  stress  for  frictional  sliding,  as  a  function  of  the  intcrfacial  radial 
tensile  stress  being  imposed  via  the  in-plane  tension.  These  are  preliminary  data,  but  they  do 
appear  to  indicate  that  a  systematic  trend  is  present  in  terms  of  applied  radial  tension  causing  a 
reduction  in  the  shear  stress  required  for  frictional  sliding.  It  will  be  of  interest  to  study 
debonding  behaviour  in  this  test,  with  monitoring  of  load/  displacement  behaviour,  so  as  to 
establish  the  intcrfacial  fracture  toughness.  This  can  then  be  evaluated  as  a  function  of  the 
phase  angle  y,  although  it  will  be  necessary  to  measure  the  thermal  residual  stress  in  order  to 
establish  y. 
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Fig. 4 

Schematic  illustration  of  the  set  up  for  tensioned 
pushout  testing 


Fig. 5 

SEM  micrograph  of  a  specimen 
ready  for  tensioned  pushout  testing 


Single  fibre  pushout  data  for  specimens  subjected  to  different  heat 

treatments. 
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Fig. 7 

Experimental  pushout  data  from  the  tensioned  pushout  test,  applied  to  as-fabricated  Ti-6A1- 
4V/35%SiC,  expressed  in  the  form  of  interfacial  shear  strengths  as  a  function  of  applied 
interfacial  radial  tensile  stress. 

4.  Conclusions 

The  following  conclusions  have  emerged  from  this  work. 

(1)  The  reaction  between  C/TiB2-coated  SiC  monofilaments  and  a  surrounding  Ti-6A1-4V 
matrix  leads  to  progressive  formation  of  TiB  needles  extending  into  the  matrix  and  the 
consumption  of  the  graphitic  layer.  These  changes  are  accompanied  by  an  increase  in  the 
interfacial  shear  stress  needed  to  cause  frictional  sliding. 

(2)  Preliminary  studies  with  a  new  test  have  shown  that  the  application  of  radial  tensile 
stresses  during  pushout  testing,  causing  a  reduction  in  the  phase  angle  of  loading,  leads 
to  a  reduction  in  the  interfacial  shear  stress  required  for  frictional  sliding.  This 
information,  and  interfacial  toughness  data  obtained  under  such  mixed  mode  loading,  is 
important  for  predicting  the  performance  of  these  composites  when  the  stress  axis  is 
inclined  to  the  fibre  direction. 
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Abstract 

The  damage  tolerance  of  continuous  fibre  reinforced  titanium  metal  matrix  composites 
under  cyclic  loading  has  been  assessed  in  both  plane-sided  testpieces  and  pre-cracked 
(notched)  testpieces  at  ambient  temperature.  Lifetimes  in  excess  of  1()4  cycles  have  been 
obtained  for  an  applied  cyclic  stress  amplitude  of  1200  MPa  in  plane  sided  testpieces.  In 
pre-cracked  (notched)  testpieces  dominant  mode  I  cracks  are  produced  under  cyclic  loading 
and  the  micromechanisms  of  crack  growth  have  been  well  characterised.  Crack  growth  rates 
are  controlled  primarily  by  intact  fibres  bridging  in  the  crack  wake  and  no  unique  relationship 
between  crack  growth  rate  and  applied  stress  intensity  range  exists.  Such  intact  bridging 
fibres  also  play  a  critical  role  in  determining  conditions  for  transitions  between  sub-critical 
crack  growth  and  catastrophic  failure.  In  general,  such  composites  exhibit  excellent  fatigue 
crack  growth  resistance. 
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Introduction 

At  present  world  -  wide  there  is  marked  interest  in  the  development  of  silicon  carbide  fibre 
reinforced  titanium  metal  matrix  composites  for  use  in  structural  applications  at  elevated 
temperatures.  Such  materials  have  potential  use  in  both  air  -  frames  (hypersonic  flight)  and 
engine  components  In  the  longer  term,  matrix  alloys  based  on  titanium  aluminiaes  may 
allow  the  use  of  such  composites  at  temperatures  of  upto  900  °  C,  but  potential  applications 
have  also  been  identified  at  lower  temperatures.  In  these  latter  cases  components  may  use 
conventional  titanium  alloys  as  the  matrix  materials,  and  it  is  possible  that  they  will  operate 
at  relatively  high  stress  levels.  Under  such  envisaged  conditions  it  is  important  to  establish 
their  "fitness  for  purpose and  thus  their  damage  tolerance  may  prove  to  be  critical.  This 
paper  considers  the  damage  tolerance  of  these  composites  at  amDient  temperature  under 
cyclic  loading  in  both  plane  -  sided  specimens  (low  cycle  fatigue)  and  pre  -  cracked  testpieces 
(crack  growtn  resistance  curves). 


Experimental  Studies 


Material 

Fatigue  crack  propagation  and  low  cycle  fatigue  tests  were  performed  on  Ti-6A1-4V  /  SCS 
6  unidirectionally  reinforced  composites  available  commercially.  Additional  low  cycle 
fatigue  tests  were  performed  on  the  Ti-6A1-4V  /  S1240  unidirectionally  reinforced  com¬ 
posite  system  again  available  commercially.  The  volume  fraction  of  reinforcement  was 
approximately  0.35  in  all  cases.  All  SCS  6  reinforced  composites  were  eight  ply,  while  the 
S  1240  reinforced  composites  were  six  ply.  Further  details  of  these  systems  are  given 
elsewhere  u 

Fatigue  crack  propagation 

To  date,  experiments  have  been  confined  to  single  -  edged  through  thickness  notched  test- 
pieces  in  three  point  bending.  This  testpiece  geometry  is  well-suited  for  use  in  combination 
with  crack  growth  monitoring  by  direct  current  potential  difference  techniques  *.  Testpiece 
sizes  typically  of  nominal  dimensions  (4  *  2  *  70  mm  * )  have  been  utilised,  with  an  overall 
span  to  width  ratio  of  15:1.  Cracks  were  grown  by  fatigue  from  a  slot  cut  by  electrical 
discharge  machining  typically  to  a  depth  of  *  1  mm.  so  that  the  initial  crack  depth  to  width 
ratio,  a  o  /  W,  was  equal  to  0.25.  In  all  tests  considered  here,  a  constant  cyclic  load  range. 
\  P,  was  used  and  was  typically  of  the  order  of  100N.  This  allows  the  nominal  applied  stress 
intensity  range.  \  K  irr,  to  increase  with  increases  in  crack  length.  Load  ratios  of  both 
R=0.5andR=0.1(whereR  =  P  m,„/P  m,,andP  n,m,P  ma,  are  the  minimum  and  maximum 
loads  applied  over  the  fatigue  cycle  respectively)  have  been  considered.  The  tests  reported 
here  were  performed  at  a  cyclic  frequency  of  0.5  Hz  on  an  ESH  servo  -  hydraulic  testing 
machine  fitted  with  a  1  kN  load  cell. 

Low  cycle  fatigue 

Tests  were  performed  under  tension  -  tension  loading  at  a  load  ratio.  R=0.  at  ambient 
temperature  and  at  a  cyclic  frequency  of  0.25  FIz.  Testpiece  blanks  were  a  length  of  150 
mm.  and  a  width  of  12.5  mm.  A  reduced  testpiece  section  with  a  parallel  length  of  30  mm, 
a  width  of  7.5  mm,  and  a  shoulder  radius  of  75  mm  was  machined  from  these  blanks.  The 
testpiece  thickness  was  either  0.8  mm  (6-ply  S 1 240  /  Ti-6A1-4V  composites)  or  1 .8  mm  (8-ply 
SCS6  /  Ti-6A1-4V  composites). 


Results 


Low  cycle  fatigue 

The  best-fit  curves  shown  in  Figure  1  were  derived  from  a  total  of  fourteen  tests.  In  all 
cases,  testpiece  failure  occurred  prematurely  from  the  change  in  section  radius  and  thus 
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exposed  fibres  at  the  end  of  the  gauge  length.  Therefore  testpiece  lifetimes  must  be  con¬ 
sidered  as  a  lower  bound  to  the  low  cycle  fatigue  resistance  of  these  systems.  Even  so, 
especially  for  the  Ti-6A1-4V  /  S1240  composites  their  performance  can  be  seen  to  be 
satisfactory  with  lifetimes  of  >  10  4  cycles  obtained  at  a  cyclic  stress  range  of  1200  MPa,  see 
Figure  1. 

Fatigue  crack  propagation 

At  ambient  temperature,  in  all  tests  considered  to  date  dominant  fatigue  cracks  growing  in 
the  mode  I  crack  propagation  direction  have  been  observed.  Some  examples  are  given  in 
Figure  2  for  fatigue  cracks  growth  tests  interrupted  prior  to  catastrophic  failure.  For  such 
dominant  cracks  the  interpretation  of  crack  growth  rates,  da/dN,  by  the  use  of  potential 
difference  techniques  is  self  -  evident.  Crack  growth  resistance  curves,  da/dN  versus  applied 
stress  intensity  range,  \  K  ,  are  shown  in  Figures  3,4  and  S. 

These  figures  illustrate  the  effect  of  mean  stress  on  crack  growth  resistance;  initial  stress 
intensity  range  \K  on  crack  growth  resistance;  and  the  reproducibility  of  results 
respectively.  Also  shown  in  all  figures  is  the  extrapolated  crack  growth  resistance  curve 
obtained  for  monolithic  alloy  (processed  under  identical  conditions  to  the  composite 
material),  for  R=0.5,  v=0.5  Hz  as  detailed  elsewhere  \  In  many  cases  it  has  been  possible 
to  detect  the  failure  of  individual  fibres  in  -  situ,  and  these  incidences  of  failure  are  also 
shown  (arrowed)  in  Figure  3, 4  and  5.  It  is  thus  possible  to  estimate  the  number  of  intact 
fibres  bridging  the  crack  as  a  function  of  crack  length  and  such  estimates  are  given  in  Table 
1.  In  this  Table  they  have  been  used  to  rationalise  the  influence  of  fibre  bridging  on  stable 
/  unstable  crack  growth  transitions. 

Discussion 


It  is  clear  that  these  materials  may  possess  excellent  damage  tolerance  under  condition  of 
both  low  cycle  fatigue  and  fatigue  crack  propagation,  see  Figure  1  and  Figures  3  -  5 
respectively.  It  would  appear  from  Figure  1  that  the  Ti-6A1-4V  /  S1240  composite  system 
exhibits  superior  resistance  to  the  Ti-6A1-4V  /  SCS  6  composite  system  under  low  cycle 
fatigue  testing  of  smooth  testpieces.  From  the  preliminary  study  reported  here  it  has  not 
been  possible  to  indicate  the  precise  reason  for  this  observation  (and  specimen  geometry 
effects  due  to  different  numbers  of  fibre  rows  cannot  be  ruled  out  entirely),  although  work 
elsewhere  on  pre  -  cracked  testpieces  suggests  that  the  Ti-6A1-4V  /  S1240  system  also 
demonstrates  improved  crack  growth  resistance  under  conditions  of  low  load  ratio  ( R  =  0. 1 ) 
but  inferior  resistance  under  conditions  of  high  load  ratio  (R  =0.5)  to  the  Ti-6A1-4V  /  SCS 
6  system  *.  Such  results  indicate  the  care  which  may  be  required  to  compare  the  performance 
of  different  components  under  cyclic  loading  in  a  quantitative  manner. 

The  unusual  crack  growth  behaviour  observed  in  pre-cracked  testpieces.  Figures  3  -  5,  has 
been  considered  and  modelled  in  detail  elsewhere It  is  a  consequence  of  the  effective 
stress  intensity  range,  \  K  ,,, ,  seen  at  the  growing  crack-tip.  Here,  from  Figure  2,  it  can 
be  seen  that  the  micromechanism  of  crack  growth  is  well  characterised  by  initial  crack  growth 
through  the  matrix,  which  leaves  fibres  intact  and  bridging  the  crack  in  its  wake.  These  fibres 
act  to  reduce  the  effective  stress  intensity  at  the  growing  crack  tip.  \  K  ,,,  .  and  the  crack 
may  still  grow  by  fatigue  but  at  a  slower  crack  growth  rate.  In  all  studies  in  bending  to  date, 
if  fibres  do  not  fail  in  the  crack  wake  then  crack  growth  rates  decrease  eventually  to  crack 
arrest  (  £  10  H  mm/cycle).  The  balance  between  sub-critical  crack  growth  and  catastrophic 
failure  will  he  governed  primarily  by  the  number  of  fibres  remaining  intact  within  the  crack 
wake,  see  Table  1.  The  failure  of  fibres  within  the  crack  wake  is  shown,  for  example,  in 
Figure  2(b). 

Several  other  characteristic  features  of  fatigue  crack  growth  observed  in  these  composites 
to  date  are  exemplified  in  Figures  3. 4  and  5.  In  general  little  effect  of  load  ratio  (Figure  3). 
initial  applied  stress  intensity  range.  \K  {rr  (Figure4)andindividualfibrefracture(Figure 
3, 4  and  5)  on  stable  crack  growth  rates,  da/dN.  is  observed  in  this  mid  -  crack  growth  rate 
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regime  (S  10  b  mm/cycle). 

Such  observations  support  the  concept  that  the  greater  an  individual  fibre  is  stressed  in 
tension  then  the  greater  are  the  bridging  forces  operating  within  the  crack  wake  and  hence 
an  increased  amount  of  crack  -  tip  shielding  will  result  provided  that  the  fibres  remains 
intact.  This  is  modelled  elsewhere  .  However,  most  importantly  it  must  also  be  recognised 
that  as  fibres  are  stressed  more  highly  in  tension  then  they  are  also  closer  to  their  failure 
stress.  Indeed,  all  such  features  of  increased  load  ratio,  increased  initial  applied  stress 
intensity  range  and  fibre  failure  highlighted  above  may  promote  premature  catastrophic 
testpiece  fracture  following  either  an  increased  sequence  of  fibre  failure  or  a  rapid  cascade 
of  fibre  failure,  see  Figure  3  and  4  respectively. 

One  further  feature  of  interest  relates  to  the  observed  lack  of  rapid  crack  growth  rate 
excursions  following  individual  fibre  failure,  see  Figures  3  and  4.  This  is  in  contrast  to 
behaviour  observed  elsewhere  in  near  crack  arrest  regions In  the  present  work  they  serve 
to  illustrate  that  periodic  crack  growth  excursions  observed,  Figure  3,  are  not  in  general 
related  to  the  incidence  of  fibre  fracture.  Modelling  studies  elsewhere  ,J  suggest  that  such 
periodic  variation  in  crack  growth  rates  with  crack  length  can  result  solely  from  the  position 
of  the  growing  crack  tip  relative  to  the  position  of  the  first  row  of  fibres  bridging  behind  the 
crack  tip  (consistent  with  a  modelling  approach  based  on  discrete  fibres  and  weight  function 
methods). 

Although  the  micromechanisms  of  fatigue  crack  growth  appears  to  have  been  well  char¬ 
acterised  in  such  composites  much  work  is  still  required  before  predictive  models  of 
behaviour  can  be  developed  fully  for  a  system  in  which  discrete  fibre  failure  can  be 
important.  In  this  context,  the  growth  of  cracks  f  rom  contained  part  through  thickness  defects 
is  under  study  and  is  a  topic  of  interest :  through  thickness  interactions  between  fibres  and 
matrix  and  hence  the  definition  of  a  "sphere  of  influence"  around  a  discrete  fibre  may  provide 
significant  challenges  for  both  experimental  and  modelling  approaches. 

The  concepts  of  both  an  unique  fracture  toughness  and  an  unique  relationship  between 
applied  stress  intensity  range,  \  K  ArF ,  and  crack  growth  rate,  da/dN  are  inapplicable  to 
such  composites  because  crack  growth  resistance  is  dominated  by  intact  bridging  fibres 
within  the  crack  wake.  With  large  (twenty  one)  numbers  of  intact  fibres  bridging  the  crack 
wake  the  compositecan  resist  overloads  in  nominal  applied  maximum  stress  intensity  of  in 
excess  of  80  MPa  v  m ,  see  Table  1.  However,  with  few  (eight)  intact  fibres  bridging  the 
crack  wake,  modest  levels  of  nominal  applied  maximum  stress  intensity  of  approximately 
39  MPa  v  m  can  promote  catastrophic  failure.  It  is  important,  therefore  to  ensure  in  service 
that  an  open  (i.e.  unbridged)  crack  cannot  develop  in  highly  stressed  locations.  Micromo¬ 
delling  studies  elsewhere 1,1  have  emphasised  the  importance  of  bridging  scale  length  in  this 
area  of  study.  With  care  for  specific  situations,  and  provided  that  the  approach  is  validated 
experimentally  it  may  be  feasible  to  design  to  ensure  crack  arrest  (based  on  the  development 
of  "fully  -  bridged"  cracks).  Further  work  is  addressing  such  issues  at  the  present  time. 

Conclusions 


Fibre  reinforced  titanium  metal  matrix  composites  can  exhibit  good  damage  tolerance  under 
cyclic  loading  in  both  plane  -  sided  testpieces  and  pre-cracked  testpieces.  Lifetimes  in  excess 


of  10  4  cycles  have  been  obtained  for  an  applied  cyclic  stress  amplitude  of  1200  MPa  in 
plane  -  sided  testpieces.  The  micromechanisms  of  fatigue  crack  growth  in  pre-cracked 
(notched)  testpieces  is  well  characterised  by  initial  crack  growth  through  the  matrix  and 
which  leaves  fibres  intact  and  bridging  in  the  crack  wake.  These  intact  fibres  reduce  the 
effective  stress  intensity  at  the  growing  crack  tip  and  hence  control  the  observed  crack  growth 
rate  per  cycle.  The  transition  between  sub-critical  crack  growth  and  catastrophic  failure  will 
be  governed  primarily  by  the  number  of  intact  fibres  within  the  crack  wake,  and  this  transition 
can  be  promoted  by  individual  fibre  fracture,  increased  load  ratio  and  increased  initial 
applied  stress  intensity  range. 
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Fibres 

Remaining  Intact 

Kmax  (nominal) 
(MPaVm) 

§ 

39 

(MSEESZEnMCUEMB 

12 

64 

26 

66 

No  Growth 

H 

ST“ 

No  Growth 

16 

“31 

7 

64 

MVTHTTT^iTfl  jftirTfl— 

Table  I.  The  importance  of  the  number  of  bridging  fibres  intact  in  the  crack  wake  on  stable  / 
unstable  crack  growth  transitions. 
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hjture  I.  Number  of  cycles  lo  failure  versus  applied  cyclic  stress  range.  Ambient 
temperature.  R^O.  v=0.2A  H/ 


Figure  2(a)  and  ib).  Optical  micrographs  of  sections  through  interrupted  fatigue  crack 
growth,  fi  6AI  4V  /  SCS  6  composites. 
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Figure  3.  Effect  of  load  ratio  on  crack  growth  resistance  curves  :  da/dN  versus  AKapp. 
Ambient  temperature.  Ti-6AI-4V  /  SCS  6  composites,  v=0.5  Hz.  Positions  of  individual  fibre 
failure  are  arrowed.  Also  shown  is  (extrapolated)  data  for  monolithic  Ti-6AI-4V. 
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Figure  4.  Kffect  of  initial  AKapp  on  crack  growth  resistance  curves  :  da/dN  versus  AKapp, 
R=0. 1,  v-0.5  Hz.  Ambient  temperature,  Ti-6AI-4V  /  SC’S  6  composites.  Positions  of 
individual  fibre  fracture  are  arrowed.  Also  shown  is  (extrapolated)  data  for  monolithic  Ti- 
6AI  4V. 


Figure  5.  Crack  growth  resistance  curves  :  da/dN  versus  AKgpp,  R=0.5.  v=0.5  Hz.  Ambient 
temperature,  two  individual  tests,  Ti-6A1-4V  /  SCS  6  composites.  Positions  of  individual 
fibre  fracture  are  arrowed.  Also  shown  is  (extrapolated)  data  for  monolithic  Ti-6AI-4V . 
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Abstract 

Samples  of  Ti-6A1-4V,  Ti-6A1-4V+  20vol%  SiC  and  Ti-6Al-4  V+  20vol%  TiC  have  been 
isothermally  forged  at  950°C.  It  has  been  found  that  the  addition  of  reinforcing  particles  leads  to 
increases  in  flow  stresses  and  decreases  in  strain  rate  sensitivity  over  comparable  unreinforced 
Ti-6A1-4V  alloys.  Of  the  two  composite  materials  the  TiC-based  material  shows  higher  strain 
rate  sensitivities,  lower  flow  stresses  and  shows  much  lower  levels  of  microstructural  damage 
for  the  same  overall  strain  and  is  therefore  more  suitable  for  forging  than  the  SiC-based  material. 


Introduction 

The  principle  of  adding  hard,  stiff  fibres  or  panicles  to  a  metal  matrix  to  form  a  composite 
material  is  very  well  established  as  a  way  of  increasing,  in  panicular,  the  specific  stiffness  and 
strength  of  a  base  material.  This  illustrated  in  Table  1 ,  which  shows  values  of  absolute  and 
specific  stiffness  in  Ti-6Al-4V+SiC  in  the  form  of  fibres  and  panicles  and  in  unreinforced  Ti- 


6/\l-4V. 


Material  Young's  Modulus 

(GPa) 

Ti-6Al-4V+44vol%  SiC  fibres  long.  224 

trans.  164 

Ti-6A1-4V  +20vol%  SiC  particles  146 

Ti-6A1-4V  1 10 


Young's  Modulus/Density 
(GPa/g.cm-’) 
57.7(1] 

42.2  [1] 

34.7  [2] 

24.9 


Much  of  the  early  work  on  Ti-based  MMCs  was  concerned  with  fibre  reinforced  materials, 
which  provide  the  greatest  improvement  in  properties.  However,  as  shown  in  Table  1,  these  are 
highly  anisotropic.  In  addition  to  this  they  are  also  very  expensive  to  manufacture  and  difficult 
to  manipulate  by  subsequent  forming  operations.  Asa  result  of  this,  more  attention  has  been 
focused  on  paniculate  reinforced  Ti  MMCs  which  are  isotropic,  somewhat  cheaper  to 
manufacture  and  more  ameanable  to  subsequent  processing.  However,  although  pan  of  the 
reason  for  the  increased  interest  in  particulate  reinforced  MMCs  is  their  greater  ease  of 
processing,  very  little  work  has  been  published  regarding  the  forming  of  these  materials. 
Tnerefore,  this  paper  will  present  a  brief  look  at  the  subject  of  the  forging  response  of  two  such 
paniculate  MMCs,  Ti-6Al-4V+20vol%  SiC  and  Ti-6Al-4V+20vol%  TiC. 

Experimental 

Two  composite  materials  and  two  control  materials  were  considered  in  this  investigation.  The 
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composite  matenaJs  were  Ti-6AI-4V+20vol%  SiC  and  Ti-6AI-4V+20vol%  TiC  The  matenals 
were  manufactured  by  hot  isostatically  pressing  prealloyed  Ti  and  ceramic  powders  at  930°C 
and  IOC)  MPa  for  4  hours.  The  SiC  powder  was  equiaxed  and  angular  and  had  a  panicle  sire  of 
between  40  and  20pm  and  the  TiC  powder  was  rounded  and  equiaxed  and  between  25  and 
10pm  in  size.  The  as-HIPed  microstructures  consisted  of  near  equiaxed  a  grains  and 
discontinuous  intergranular  (i  The  a  grain  size  was  around  15pm  for  the  SiC  hased  material 
and  7pm  for  the  TiC  based  matenal  Fig  1  shows  as-HIPed  microstmctures  of  the  two 
composite  matenals.  The  interstitial  content  of  these  matenals  is  shown  in  Table  2. 


3ABLE 2.  INTERSTITIAL  ANALYSES  OF  COMPOSITE  MATKRIA1  S  tw.  npmi 

Material  Oxygen  Nitrogen  O+N 


Ti-6AI-4V-*-20vol»  SiC  4600  920 

Ti-6A1-4V  +20vol%  TiC  2800  840 

Ti-6AI-4V  (AMS  4911)  2000  max  500  max 


5520 
3640 
2500  max 


This  table  shows  that  the  interstitial  contents  of  these  composites  is  quite  high  Standard  grade  Ti- 
6AI-4V  (IMI  318)  typically  contains  from  1650  to  2000  ppm  oxygen  and  around  40  ppm  nitrogen 
As  a  rough  guide,  nitrogen  can  he  regarded  as  having  twice  the  alpha- stabilisation  power  of 
oxygen.  This  was  used  to  indicate  the  level  of  oxygen  required  in  the  control  matenals  in  order  to 
ensure  as  close  a  match  as  possible  between  the  matnx  matenals  and  the  unreinforced  companson 
matenals  Two  Ti  6AI-4V  control  matenals  were  produced  containing  4400ppm  oxygen  and 


Fig  I.  SEM  micrographs  taken  in  secondary  electron  mode  showing  as-HIPed  microstructures 
of  the  composite  matenals  (930°C,  4h,  lOOMPa) 

(a)  Ti  6AI  4V+20  vol*  SiC;  (b)  Ti-6AI-4V+20  vol9f  TiC 


hOOOppm  oxygen  These  were  hot  rolled  to  give  an  alpha  plus  beta  structure,  as  shown  in  Fig 
2  The  a  grains  were  elongated  in  the  rolling  direction  giving  a  grain  size  of  around  3pm  in  the 
u  insverse  direction  and  up  to  I Opm  long  in  the  longitudinal  direction.  It  is  important  to  point  out 
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Fig  2.  SEM  micrograph  taken  in  secondary 
electron  mode  showing  as-received 
microstructure  of  the  Ti-6Al-4V+4400ppm 
oxygen  (transverse  section) 


that  the  unreinforced  alloys  should  only  he  regarded  as  comparison  materials,  rather  than  as 
control  materials,  since  it  is  impossible  to  reproduce  the  exact  microstructures  and  solute 
contents  of  the  matrices  of  the  composites 

The  forging  characteristics  of  the  composite  and  control  specimens  were  investigated  via  hot 
compression  tests  on  cylinders  of  material  5mm  in  diameter  and  10mm  long.  The  specimens 
were  compressed  in  vacuum  between  SiC  platters  with  BN  as  a  parting  agent.  The  tests  were 
carried  out  at  950V  and  at  strain  rates  of  between  2x  l()4  and  0  Is1.  The  strain  rale  was 
stepped'  at  predetermined  strains  throughout  the  tests  in  order  to  build  up  a  series  of  graphs  to 
show  the  variation  of  flow  stress  with  strain  rate  for  differing  levels  of  strain  up  to  a  strain 
corresponding  to  a  total  reduction  of  75'i .  The  unreinforced  specimens  were  machined  with  the 
axis  of  compression  parallel  to  the  rolling  direction 


RmiJli 

Metallographic  sections  through  the  thickness  of  the  forged  cylinders  reveal  the  classic  shear 
banding  in  a  cruciform:  tensile  deformation  around  the  periphery  of  the  specimen  and  two  'dead 
/ones'  forming  two  cones  adjacent  to  the  plattens.  Fig  3(a)  shows  the  microstructure  of  the  SiC- 
based  material  in  the  shear  hands.  This  micrograph  shows  clearly  that  the  interaction  /ones  around 
the  particles  have  been  sheared  away  from  the  particles  by  the  deformation,  allowing  fresh 
interaction  /ones  to  grow  in  their  place.  In  no  case  could  particle  /  matrix  debonding  be  observed, 
indicating  that  the  metal  remained  in  intimate  contact  w  ith  the  particles  during  deformation.  The 
shearing  action  leads  to  the  formation  of  large  amounts  of  reaction  products  w  ithin  the  matrix, 
often  apparently  unattached  to  particles  Fig  3(b)  shows  the  microstructure  around  the  periphery  of 
the  specimen,  where  tensile  defomiation  is  dominant.  This  has  led  to  the  fracture  and  debonding 
of  many  particles  which  have  subsequently  fallen  out  on  polishing.  There  are  many  particles, 
however,  which  appear  to  be  unfractured  and  well  bonded  to  the  matrix.  T  he  microstructure  of  the 
dead  /one  is  unaffected  by  the  defomiation  and  differs  from  the  parent  material  only  in  a  greater 
thickness  of  the  reaction  /one  due  to  the  extra  time  at  the  elevated  temperature. 

The  TiC  panicles  in  the  shear  regions  show  no  evidence  of  the  defomiation  that  has  taken  place. 
This  can  tv  seen  in  Fig  4.  which  shows  the  microstructure  in  a  region  of  intense  shear,  it  can  be 
seen  that  there  is  no  discrete  interaction  /one  in  this  material  T  his  is  because  the  reaction  /one  is 
composed  of  sub- stoichiometric  TTC  which  is  coherent  with  the  original  Tit"  panicle  |3|  There 
i  a  significant  amount  of  panicle  /  matrix  debonduig  and  panicle  break  up  in  the  peripheral 
regions  but  to  a  lesser  extent  than  m  the  Si( '  based  matetial  and  in  a  very  small  area  just 
underneath  the  outer  surface  of  the  upset  specimen.  Flic  microstructure  of  the  dead  /one  is 
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I  ig  1  SUM  micrographs  taken  in 
secondary  electron  mode  showing 
microstriicture  of  forged  Ti  bAI-lV 
OOvob'i  SiC; 

i.ii  in  .1  region  of  intense  shear, 
iht  at  the  [vriphery  ot  the  speemien 


l  it!  -1.  SI- M  micrograph  taken  in 
secondary  electron  mode  slummy 
microstriicture  of  forged  Ti  tvM  IN 
•  ’(I  vol'  i  Ti(\  from  a  region  of  intense 
shear 


\  irtnallv  itlentieal  to  the  parent  microstructurc. 

The  shearing  off  of  the  interaction  /one  between  the  SiC  particles  ami  the  matrix  during 
ilefomiation  indicates  that  the  particle  /  interaction  /one  bond  is  insufficiently  strong  to  withstand 
e\en  mixlerate  shear  By  comparison,  the  l  iC  material  is  vers  tolerant  to  deformation  and  only 
showed  microstriictural  damage  in  areas  of  considerable  tension  Tins  is  largely  because  of  the 
absence  of  a  discrete  reaction  laser,  as  explained  above 


In  l>oth  materials  the  mains  tnicroxtrnctnre  is  largely  onatlected  by  the  deformation  with  no 
substantial  grain  growth  or  refinement  Samples  ol  the  as  received  materials  were  heated  to  d.SO'V 
m  air  helore  being  water  quenched,  sectioned  and  polished  lor  alpha/beta  phase  analysis.  Idle 
matrices  of  the  Si('  based  and  fit'  based  materials  were  lound  to  contain  Id.1)  vol*?  and  35.4 
sol','  of  beta  respectively  Similarly  quenched  specimens  of  the  two  unreinforced  control  materials 
were  lound  to  contain  '  }  and  42  ri  Ivta  tor  the  high  and  low  oxygen  specimens  respectively 


Fig  5  shows  a  typical  flow  stress  versus  strain  rate  curve  for  the  SiC-based  material.  The 
gradients  of  this  and  similar  mutes  have  been  replotted  to  show  the  variation  of  strain  rate 
sensitivity,  'm\  with  natural  strain  at  strain  rates  of  6x10^  and  4xlO'J  s'1.  These  are  shown  in 
Fig  6.  The  flow  stress  versus  strain  rate  curves  for  the  TiC-based  materials  were  qualitatively 
similar  to  those  for  the  SiC-based  material  and  Fig  7  shows  the  variation  of  the  strain  rate 
sensitjvity  with  natural  strain  for  the  TiC-based  material  at  strain  rates  of  6xl0"\  4xlO'J  and 
3x10  .  Figs  6a  and  6b  show  that  the  value  of 'm'  does  not  deteriorate  with  increasing 
deformation  in  both  the  SiC  and  TiC-based  materials  up  to  around  70%  of  natural  strain 
Indeed,  at  the  higher  strain  rate,  the  SiC-based  material  shows  a  significant  increase  in 'm’  with 
increasing  deformation. 

1000 


Fig  5.  Graph  showing  the  7? 

variation  of  flow  stress  with  ^ 
strain  rate  at  a  strain  of  1 3.9% 
in  Ti-6A1-4V+  20  vol%  SiC  g  100 
(19.9%  P  in  matrix)  andTi-  Cr> 

6A1-4V  +  6000ppm  oxygen  i 

(33.0%  p)  at  950°C.  £ 
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Fig  6.  Graphs  showing  the  variation  of  strain  rate  sensitivity.’m',  with  natural  strain  at  a  variety 
of  strain  rates  at  950°C;  (a)  Ti-6Al-4V+20  vo!%  SiC,  (b)  Ti-6AI-4V+20  vol%  TiC. 

The  variation  of 'm'  with  strain  rate  in  the  composite  materials  and  their  unreinforced 
comparison  materials  are  plotted  in  Fig  7(a)  and  (b).  The  values  of  'rri  used  in  these  plots  were 
calculated  by  taking  the  mean  value  of 'm'  at  four  different  strains  up  to  43. 1%.  These  figures 
show  that  although  the  mean  value  of 'm'  in  the  composite  materials  is  invariably  lower  than  in 
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the  unreinforced  comparison  material,  the  value  of 'm'  at  low  strain  rates  is  still  remarkably 
high.  This  is  particulary  true  in  the  TiC-based  material  where  the  mean  value  of 'm'  at  a  strain 


rate  of  6xl04  s'1  is  0.49.  This  level  of  strain  rate  sensitivity  is  sufficiently  high  to  enable 
superplastic  forming  operations  to  be  used  to  be  used  on  this  material  with  a  reasonable 
likelyhood  of  sucess.  It  can  also  be  seen  from  these  graphs  that 'm'  rises  steeply  with 
decreasing  strain  rate  at  the  lower  end  of  the  graph  and  it  seems  probable  that  further  limited 
increases  in 'm'  could  be  achieved  by  using  even  slower  strain  rates  or  by  refining  the 
microstructure. 

From  the  flow  stress  versus  strain  rate  data  obtained  at  different  levels  of  strain,  true  stress 
versus  true  strain  curves  have  been  constructed  for  both  the  SiC  and  TiC-based  composites 
assuming  constant  strain  rates  of  2x10'^  and  4x1  (H  s  ',  together  with  similar  curves  from  the 
unreinforced  materials  (see  Fig  8).  This  strain  rate  is  a  typical  strain  rate  for  superplastic 
forming  and  gives  values  of ’m'  of  around  0.5  for  the  TiC-based  material  and  0.4  for  the  SiC- 
based  material.  This  shows  that  both  the  composite  materials  have  higher  flow  stresses  than  the 
unreinforced  control  materials.  However,  it  can  be  seen  that  in  the  SiC-based  material  the 
difference  between  the  reinforced  and  unreinforced  materials  is  much  greater  than  in  the  TiC- 
bassid  material.  This  greater  increase  in  flow  stress  over  the  unreinforced  material  is  because  the 
strain  rate  sensitivity  of  the  SiC-based  composite  is  lower  than  that  of  the  TiC-based  composite. 


A  comparison  of  the  forging  characteristics  of  the  SiC-based  material  and  the  TiC-based  material 
would  seem  to  indicate  that  the  TiC-based  material  shows  the  better  suitability  for  forging.  This 
arises  from  several  aspects  of  its  forging  properties.  Firstly,  the  microstructural  damage  caused 
by  forging  is  very  small  compared  to  the  SiC  reinforced  material.  The  only  damage  that  did 
occur  was  in  areas  of  considerable  tension  indicating  that  if  large  tensile  forces  can  be  avoided, 
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Fig  8.  Graphs  showing  the 
variation  of  flow  stress  with 
natural  strain  at  9S0°C  and 
strain  rates  of  2x  10‘3  and 
4x1  O'*  s1; 


(a)  Ti-6A1-4V+  20  vol%  SiC 
and  Ti-6A1-4V  +  6000ppm 
oxygen 


Strain  (%) 


(b)  Ti-6AI-4V+  20  vol%  TiC 
and  Ti-6AI-4V  +  4400ppm 
oxygen 


Strain  (%) 


then  a  sound  forging  microstructure  should  be  a  matter  of  routine.  It  should  also  be  noted  that 
because  TiC  does  not  form  a  discrete,  incoherent  interaction  zone  with  the  matrix,  longer  times 
at  elevated  temperatures  do  not  result  in  thick,  deleterious  reaction  zones. 

Secondly,  the  reduction  in 'm'  value  from  the  unreinforced  matrix  at  slow  strain  rates  in  the 
TiC-based  material  is  less  than  in  the  SiC-based  material.  It  may  be  that  part  of  this  difference 
between  the  two  composite  materials  is  a  result  of  the  smaller  matrix  grain  size  in  the  TiC-based 
material  as  it  is  well  documented  that  larger  grain  sizes  tend  to  lower  the  maximum  'rri  values 
and  reduce  the  strain  rate  at  which  this  value  of 'm'  is  reached  [4,5, 6|.  This  comparison  is  made 
more  difficult  when  considering  the  unreinforced  comparison  materials  because  the  grains  in  the 
unreinforced  material  are  elongated  along  the  axis  of  compression.  However,  in  the  TiC-based 
material,  although  the  grains  are  equiaxed  both  the  grain  size  and  the  beta  content  at  the  forging 
temperature  are  very  similar  to  those  of  the  unreinforced  Ti-6AI-4V  containing  4400ppm 
oxygen.  Therefore,  it  seems  reasonable  to  assume  that  this  control  material  provides  a  good 
comparison  for  the  TiC  reinforced  material.  The  third  aspect  of  its  forging  characteristics  which 
makes  the  TiC-based  material  more  suitable  for  forging  is  that  it  has  low  flow  stresses  and  a 
small  increase  in  flow  stress  over  the  unreinforced  alloy.  This  is  a  result  of  the  higher  strain  rate 
sensitivity  of  the  TiC-based  material  and  is  important  botause  superplastic  forming  is,  generally 
speaking,  made  easier  by  lowering  the  stresses  involved  as  far  as  possible. 


Another  interesting  result  of  this  work  is  that  both  the  composite  materials  and  especially  the 
TiC-based  composite  appear  to  have  surprisingly  high  beta  contents  at  the  forging  temperature 
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compared  to  the  unreinforced  Ti-6A1-4V  containing  comparable  levels  of  oxygen.  This  would 
seem  to  suggest  that  less  alpha-stabilisation  is  occurring  in  the  two  composite  microstructures 
than  might  have  been  expected,  given  the  presence  of  large  sources  of  carbon,  a  powerful  alpha 
stabilser.  The  reasons  for  this  are  not  clear.  It  may  be  that  nitrogen  is  less  powerful  as  an  alpha 
stabiliser  than  was  assumed  when  deciding  on  appropriate  levels  of  oxygen  to  add  by  way  of 
comparison  and  that  any  carbon  in  solution  in  the  composite  matrix  is  simply  making  up  the 
difference  in  alpha  stabilisation.  It  may  also  be  that  at  the  forging  temperature  the  solubility  of 
carbon  is  relatively  low.  Clearly,  this  is  a  subject  which  merits  closer  attention. 

From  the  results  presented  in  this  paper,  it  would  seem  that  particulate-reinforced  Ti-6A1-4V 
composites  can  be  made  which  are  amenable  to  conventional  forming  operations.  In  particular, 
the  behaviour  of  the  materials  during  isothermal  forging  and  possibly  superplastic  forming 
appears  to  qualitatively  very  similar  in  the  reinforced  alloys  compared  to  the  unreinforced 
comparison  materials.  From  this  particular  study  TiC  is  clearly  superior  to  SiC  in  terms  of 
forgeability.  Direct  comparison  of  the  two  composites  and  the  exact  merits  of  each  reinforcement 
is  complicated  by  the  differences  in  matrix  grain  size  and  chemical  analysis  in  the  composite 
materials.  However,  it  seems  certain  that  microstructural  damage  occuring  through  the  growth 
and  shearing-off  of  the  interaction  zones  in  the  SiC-based  material  would  lead  to  a  serious 
degredation  of  composite  mechanical  properties. 

Conclusions 

1.  Intense  shear  in  the  SiC  reinforced  material  leads  to  the  shearing-off  of  the  particle  /  matrix 
interaction  zone,  resulting  in  'stringers'  of  reaction  products  in  the  matrix.  In  contrast  to  this, 
the  TiC  particles  shows  no  signs  of  damage  in  regions  of  equivalent  shear. 

2.  Both  the  SiC  and  TiC-reinforced  materials  show  evidence  of  particle  fracture  and  debonding 
at  the  periphery  of  the  specimen,  where  tensile  deformation  is  dominant. 

3  The  addition  of  both  SiC  and  TiC  to  Ti-6A1-4V  leads  to  reductions  in  the  value  of 'm',  the 
strain  rate  sensitivity.  The  extent  of  the  reduction  was  greater  in  the  SiC-based  material. 

4.  The  strain  rate  sensitivity,  'm',  remains  stable  during  deformation  up  to  strains  of  around 
70%. 

5.  The  maximum  strain  rate  sensitivity  of  the  SiC  and  TiC-reinforced  materials  obtained  at 
950°C  were  0.41  and  0.49  respectively  at  a  strain  rate  of  6xl04  s'1.  This  compares  with  0.54 
and  0.59  in  their  unreinforced  comparison  materials  at  the  same  strain  rate. 
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ABSTRACT 

A  unidirectional  SCS-(/Ti-6Al-4V  composite  was  creep  tested  in  air  in  a  longitudinal  orientation 
at  temperatures  between  427  to  760°C  to  study  creep  response  and  damage  mechanisms  under 
sustained  tension  loading.  It  is  shown  that  after  an  initial  transient  period,  the  creep  rate  slows 
to  an  apparent  steady-state  creep  rate  which  extends  over  most  of  the  creep  lire.  Evidence  based 
on  fractography  and  metallographic  sectioning  suggests  that  creep  life  at  high  stresses  is 
controlled  by  the  time-dependent  redistribution  of  stresses  resulting  in  eventual  fiber  failure  by 
overload;  while  at  lower  stresses,  it  is  controlled  by  oxidation  and  environmental  degradation 
occurring  on  exposed  edges  of  the  composite.  Although  a  matrix  load  shedding  mechanism  is 
consistent  with  much  of  the  experimental  evidence,  it  appears  that  additional  mechanisms  are 
required  to  fully  explain  the  extensive  secondary  creep  region  observed.  Strain  recovery 
experiments  were  also  conducted  at  538°C  and  indicate  that  a  large  portion  of  the  longitudinal 
creep  strain  is  recoverable  upon  unloading  at  temperature. 

INTRODUCTION 

Titanium  matrix  composites  (TMC)  are  being  developed  to  meet  the  increased  performance  and 
temperature  requirements  of  future  aerospace  systems.  Specifically,  titanium  alloys  reinforced 
with  continuous  silicon  carbide  fibers  offer  substantially  improved  performance  and  weight 
savings  over  unreinforced  titanium  alloys  in  a  wide  range  of  aerospace  applications.  Despite 
their  potential  for  use  at  elevated  temperatures,  there  have  been  only  a  few  studies  of  creep  in 
these  materials  (1-5).  Although  there  is  much  scatter  in  the  data,  it  is  clear  that  the  reinforcement 
of  titanium  with  SiC  fibers  can  result  in  substantially  improved  creep  resistance.  However,  as 
with  other  composite  properties,  such  improvement  is  obtained  only  in  the  fiber  direction. 
Creep  studies  on  TMCs  have  also  shown  that  they  exhibit  three  stages  of  creep  behavior, 
similar  to  conventional  unreinforced  alloys  (2-4).  Despite  the  apparent  similarity,  the 
mechanisms  of  creep  in  continuous  fiber  reinforced  composites  are  different  and  cannot  be 
interpreted  in  terms  of  conventional  creep  theories  [6).  Recent  work  has  also  shown  that 
oxidation  and  complex  environmental  interactions  occur  at  elevated  temperatures  and  can 
severely  degrade  creep  strength  [3-5].  Therefore,  the  study  of  creep  mechanisms  and  damage  in 
these  materials  is  essential  to  their  development  for  elevated  temperature  aerospace  applications. 

To  understand  creep  in  composites,  it  is  necessary  to  consider  the  deformation  behavior  of  the 
individual  components.  Due  to  the  large  difference  in  homologous  temperatures  between  SiC 
and  titanium,  they  will  deform  by  entirely  different  mechanisms.  At  760°C,  the  homologous 
temperatures  of  the  matrix  and  fiber  are  about  0.53  and  0.33  respectively.  Therefore,  only  the 
matrix  is  above  0.4  Tm  where  it  can  readily  creep  by  diffusion  controlled  processes  such  as 
dislocation  climb  and  grain  boundary  sliding.  On  the  other  hand,  studies  on  axial  creep  of 
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SCS-6  SiC  fibers  [7-10]  indicate  that  the  fibers  deform  elastically,  with  no  measurable  creep 
deformation  up  to  temperatures  of  at  least  800°C.  In  the  range  of  800  to  I400°C,  the  fibers 
exhibit  fully  recoverable  anelastic  creep  behavior,  which  has  teen  attributed  to  either  a  Zener 
grain  boundary  sliding  mechanism  [8]  or  to  backstress  imposed  by  the  elastic  carbon  core  [9]. 
Above  1400°C,  steady-state  creep  in  CVD  SiC  is  apparently  controlled  by  high  temperature 
dislocation  glide  and  climb  mechanisms  [  10). 

It  has  been  suggested  that  the  longitudinal  creep  response  of  MMCs,  at  temperatures  where  the 
fibers  are  elastic  and  the  matrix  creeps,  can  be  described  by  a  simple  matrix  relaxation  model 
under  uniaxial  isostrain  conditions  (11-13).  In  such  a  model,  the  load  on  the  composite  is 
initially  partitioned  between  the  fiber  and  matrix  according  to  the  rule-of-mixtures  (ROM). 
However,  at  sufficiendy  high  temperatures,  the  matrix  can  relax,  resulting  in  a  time-dependent 
redistribution  of  load  from  the  matrix  into  die  fibers.  This  results  in  additional  elastic  extension 
of  the  fibers  at  a  rate  dependent  on  the  creep  rate  of  the  matrix.  Such  a  mechanism  is  referred  to 
as  load  shedding  and  predicts  a  decaying  creep  rate  which  asymptotically  approaches  zero  at 
some  critical  strain  ec  =  c>c  /  Ef.  where  the  matrix  stress  is  fully  transfetred  to  the  fibers. 

The  objectives  of  this  work  were  to  study  the  longitudinal  creep  response  in  a  SCS-(/Ti-6Al-4V 
composite  to  gain  a  more  fundamental  understanding  of  Reformation  and  damage  mechanisms. 

EXPERIMENTAL 

MATERIAL 

The  material  investigated  was  a  8-ply,  unidirectional  SCS-6/Ti-6Al-4V  composite  panel 
fabricated  by  Textron  Specialty  Materials  using  a  foil/fiber/foil  process.  The  continuous  Textron 
SCS-6  fiber  has  a  diameter  of  142  um  and  is  produced  by  the  chemical  vapor  deposition  (CVD) 
of  p-SiC  onto  a  37  urn  carbon  monofilament  core.  The  fiber  was  woven  into  unidirectional  mats 
with  approximately  5  fibers/mm  using  a  CP  titanium  ribbon  interweave.  The  woven  fiber  mats 
and  Ti-6A1-4V  foils  were  alternately  stacked  and  vacuum  hot  pressed  into  a  270  mm  x  410  mm 
composite  panel  with  a  nominal  fiber  volume  fraction  of  0.35.  Longitudinally  orientated  tensile 
and  creep  specimens,  with  a  30  mm  long  reduced  gage  section  (Fig.  l),were  machined  from  the 
panel  using  low-speed  diamond  cutting  and  grinding  tools.  Edges  in  the  reduced  section  were 
diamond  hand  polished  to  remove  transverse  grinding  marks. 

I9mm  5mm  5lmmr»0lys 

Figure  1 :  Longitudinal 
SCS-6/T1-6AMV  Tension 
and  Creep  Specimen. 
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Longitudinal  tension  tests  were  conducted  in  laboratory  air  at  room  temperature  and  427°C  on 
an  Instron  machine  at  a  strain  rate  of  0.003  min  '.  Longitudinal  creep  and  creep-rupture  tests 
were  conducted  under  constant  load  in  laboratory  air  at  temperatures  between  427  and  760°C. 
Several  strain  recovery  tests  were  also  performed  at  538°C,  where  crept  specimens  were 
unloaded  to  a  minimal  load  (<  30  MPa)  under  isothermal  conditions  to  measure  recoverable 
strain  as  a  function  of  time.  Creep  tests  were  conducted  on  both  lever  arm  and  direct  loaded 
creep  machines  equipped  with  load  cells.  One  of  the  lever  arm  machines  was  also  equipped  with 
a  hydraulic  piston  to  control  arm  movement  and  provide  more  control  over  loading  and 
unloading  in  the  strain  recovery  tests.  All  specimens  were  hot  gripped  using  bolted  clamp  style 
fixtures  with  precision  machined  grooves  to  maintain  specimen  alignment  in  the  fixtures. 
Specimens  were  soaked  at  least  -me  hour  at  temperature  and  loaded  either  incrementally  over  an 
interval  of  90- 1 20  seconds  or,  continuously  at  a  rate  of  approximately  1 0  MPa/s.  Displacement 
was  measured  using  extensometry  with  either  a  single  or  dual  LVDTs.  When  two  LVDTs 
were  used,  the  reported  strain  values  represent  the  average  of  the  two  values.  Temperature  was 
controlled  and  monitored  with  type  K  chromel-alumel  thermocouples  in  contact  with  the 
specimen  gage  section.  Temperature  variation  over  the  gage  length  was  determined  to  be  no 
more  than  ±  5°C  at  538°C.  Creep  testing  was  conducted  in  accordance  with  ASTM  Standard  E 
139-83  where  applicable. 


RESULTS 

The  as-received  miciostructure  of  the  SCS-6/Ti-6Al-4V  composite  is  shown  in  Fig.  2. 
Extensive  metallography  and  nondestructive  testing  conducted  on  the  panel  indicate  that  it  is  well 
consolidated  and  contains  a  relatively  uniform  distribution  of  fibers  with  only  a  limited  number 
of  fiber-to-fiber  contacts  (Fig.  2a).  The  Ti-6A1-4V  matrix  has  a  fine  equiaxed  alpha 
microstructure  with  average  grain  size  of  10-12  pm  (Fig.  2b).  The  fiber/matrix  reaction  zone 
formed  during  processing  is  approximately  3  pm  thick.  Although  the  carbon  rich  outer  coating 
on  the  fiber  is  still  intact,  more  severe  degradation  to  this  coating,  in  the  form  of  cusps,  is  noted 
where  the  beta  phase  is  in  contact  with  the  coating  (Fig.  2b). 
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Figure  2:  Microstructure  ol 
as-received  SCS-6m-6AMV 
[Ole  MMC  panel  at;  (a)  low  and 
(b)  high  magnification. 


Results  of  room  temperature  and  427°C  longitudinal  tension  tests  are  summarized  in  Table  I. 
The  average  room  temperature  tensile  strength  of  the  composite  was  1970  MPa,  or  94%  rule-of- 
mixtures  (ROM),  decreasing  to  a  value  of  1 540  MPa  at  427°C.  It  should  be  noted  that  there  is 
little  scatter  in  the  data  and  that  the  strengths  are  high  compared  to  other  TMC's  with  similar 
fiber  volume  fractions  [1,5].  It  is  believed  that  these  strengths  and  lack  of  scatter  can  be 
attributed  to  the  excellent  fiber  distribution  and  overall  quality  of  the  panel. 


TABLE  l ;  Longitudinal  Tension  ol  [0]g  SCS-6/TI-6AI-4V  MMC  (35  volume  %  liber) 


Specimen 

Temp°C 

UTSiMPal* 

%  Elongation 

%  RA 

i 

24 

1972 

0.16 

nil 

2 

24 

1956 

0.19 

nil 

3 

427 

1558 

0.18 

1.4 

4 

427 

1524 

0.16 

2.9 

‘AH  specimen  (ailed  before  0.2%  yield  strength  obtained 


Longitudinal  creep  data  at  427  and  538°C  is  shown  in  Figs.  3  and  4.  It  should  be  noted  that  a 
small  amount  of  inelastic  strain  was  usually  observed  on  loading  the  specimens  and  has  been 
included  in  the  creep  strain  values  in  Figs.  3  and  4.  The  inclusion  of  this  inelastic  strain  results 
in  a  small  positive  offset  in  strain  at  zero  time,  but  has  no  effect  on  the  shape  of  the  creep  curves. 
Creep  response  at  427  and  538°C  is  characterized  by  an  initial  transient  or  primary  stage  where 
the  creep  rate  steadily  decreases  with  time.  This  is  followed  by  a  secondary  stage  where  creep 
occurs  at  a  minimum  and  nearly  steady-state  rate.  Although  small  fluctuations  in  the  strain  rate 
are  sometimes  observed,  they  tend  to  average  out  over  time  and  the  composite  exhibits  a  nearly 
constant  rate  of  strain.  At  lower  stresses,  the  secondary  stage  can  extend  over  most  of  the  life  of 
the  specimen.  Although  not  shown  in  Fig.  4,  the  tests  at  965  and  1034  MPa  continue  to  exhibit 
constant  creep  rates  that  extend  well  beyond  500  hours. 
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Figure  3:  Longitudinal  creep  ol  Figure  4:  Longitudinal  creep  ot 

SCS-6/  T1-6AMV  MMC  at  427°C.  SCS-&  T1-6AMV  MMC  at  S38°C. 

The  influence  of  applied  stress  on  secondary  creep  rate  is  best  illustrated  in  Fig.  3.  At  the  lowest 
stress  (963  MPa)  the  secondary  creep  rate  approaches  a  zero  value  as  predicted  by  the  load 
shedding  model.  However,  as  stress  is  increased,  there  is  a  pronounced  increase  in  the 
secondary  creep  rate.  In  some  of  the  tests,  a  short  teitiary  stage  is  also  observed  where  creep 
rate  rapidly  accelerates  just  prior  to  final  failure.  A  limited  number  of  creep  tests  were  also 
conducted  at  higher  temperatures  (650°C  and  760°C).  In  general,  the  creep  curves  at  higher 
temperatures  exhibit  behavior  similar  to  those  at  lower  temperatures  except  that  the  time  spent  in 
primary  creep  is  shorter  and  the  tertiary  stage  is  more  pronounced  (Fig.  3).  In  addition, 
secondary  creep  rates  at  the  higher  temperatures  are  faster  than  at  the  lower  temperatures  in  spite 
of  the  lower  test  stresses. 


Figure  9:  Longitudinal  creep  behavior  ot  a 
SCS-6/TI-6A1-4V  MMC  tested  in  laboratory  air 
at  760°C  and  621  MPa.  The  specimen  tailed 
in  35  hours  at  a  creep  strain  of  0.79%. 


Figure  6:  Larson-Mlller  plot  ol  time  to  rupture  lor 
SCS-6/T1-6AMV.  Data  on  T1-6AI-4V  miH  annealed 
Sheet  [14]  and  SCS-6/Tl-25AM0Nb-3V-1Mo  [1.5] 
are  shown  for  comparison. 


Although  the  use  of  this  material  at  temperatures  up  to  760°C  will  probably  be  limited  due  to  the 
poor  oxidation  resistance  of  the  Ti-6Al-4  V  matrix,  the  composite  still  exhibits  outstanding  creep 
strength  at  these  temperatures.  At  temperatures  up  to  760°C,  the  creep  lives  of  the  SCS-6/Ti- 
6A1-4V  composites  are  better  than  reported  for  SCS-fi/Ti-24Al-l  INb  composites  [1]  and  are 
comparable  to  available  data  on  SCS-6/Ti-25Al-10Nb-3V-lMo  composites  [1,3].  This  is 
demonstrated  by  the  Larson-Miller  plot  in  Fig.  6,  where  time  to  rupture  for  the  SCS-6/IV6A1- 
4V  composite  is  compared  with  other  TMCs  and  the  unreinforced  Ti-6A1-4V  matrix  alloy. 


Creep  and  strain  recovery  in  a  specimen  crept  for  30  hours  338CC  (1034  MPa)  and  then 
unloaded  at  338°  are  illustrated  in  Fig.  7.  After  100  hours,  63%  of  the  time-dependent  creep 
strain  is  recovered.  Most  of  this  occurs  within  the  fust  20  hours  after  which  the  recovery  rate 
approaches  nearly  zero.  The  same  specimen  was  subjected  to  two  additional  loading/unloading 
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cycles  consisting  of  50  hours  of  creep  at  538°C  (1034  MPa),  followed  again  by  100  hours  of 
recovery  at  538°C  under  minimal  load.  The  amount  of  creep  and  recovered  strain  measured  in 
each  cycle  ate  shown  in  Fig.  8.  Although  the  amount  of  recovered  strain  remains  essentially 
constant,  the  amount  of  creep  strain  decreases  after  the  first  cycle.  As  a  result,  the  percentage  of 
strain  recovery  increases  in  the  second  and  third  cycles.  Loading  moduli  were  also  determined 
for  each  cycle  and  show  no  appreciable  change.  To  evaluate  the  effect  of  longer  term  exposure, 
a  specimen  crept  1500  hours  at  538  6C  (1034  MPa)  to  a  creep  strain  of  0.46%  was  unloaded  and 
allowed  to  recover  at  temperature.  In  this  case,  approximately  43%  of  the  creep  strain  was 
recovered  in  70  hours,  at  which  point  no  further  recovery  could  be  measured. 


Figure  7:  Longitudinal  creep  and  recovery  in 
T1-6AI-4V/SCS-6  at  538°C.  The  specimen  was 
crept  50  hrs  (1034  MPa),  Mowed  by  100  hrs  ot 
recovery  at  538°C.  Creep  strain  AB  -  0  21 8%; 
recovered  strain  CD  -  0.141%.  Percent  of  strain 
recovered  ( CDIAB )  -  0.65%. 


Figure  B:  Creep  and  strain  recovery  in  a 
SCS-6/T1-6AI-4V  composite  after  repeated 
load/unload  cycles  at  538°C.  Strain  values 
do  not  include  elastic  or  inelastic  strain  on 
ioading/unloading. 


SEM  fractography  conducted  on  tension  tested  specimens  indicates  that  failures  at  both  room 
temperature  and  427°C  are  associated  with  ductile  matrix  failure  by  microvoid  coalescence  and 
limited  fiber  pull-out.  The  fracture  surfaces  of  creep  ruptured  specimens  are  similar  except  that 
one  or  more  brittle  fracture  regions  are  typically  observed  on  or  near  the  edges  of  the  creep 
fracture  surfaces.  These  regions  typically  extend  only  a  few  fibers  layers  deep  into  the 
composite.  They  are  also  more  heavily  oxidized  than  the  ductile  regions  and  appear  blue  when 
viewed  under  a  low  power  optical  microscope.  Such  oxidation  would  indicate  that  the  cracks 
formed  prior  to  rupture.  Figs.  9a  and  b  shows  a  creep  fracture  surface  illustrating  one  of  these 
brittle  regions  on  an  exposed  surface  edge  of  the  composite.  In  this  case,  the  crack  has 
apparently  initiated  at  a  damaged  and  partially  broken  out  fiber  on  the  surface.  It  is  interesting  to 
note  that  no  fiber  pull-out  is  observed  in  the  brittle  region  while  extensive  fiber  pull-out  is  noted 
in  fibers  just  outside  this  region.  This  suggests  that  crack  bridging  may  slow  down  the  growth 
of  these  cracks.  Figs.  9c  is  a  higher  magnification  view  of  the  brittle  matrix  region  showing  a 
predominantly  intergranular  failure  made.  This  is  in  contrast  to  the  ductile  matrix  failure 
observed  over  the  rest  of  the  fracture  surface  (Fig.  9d).  Fractography  suggests  that  these  cracks 
form  early  on  in  the  test,  probably  near  broken  fibers  or  surface  defects,  and  continue  to  grow 
slowly  during  the  test. 


Tension  tested  and  creep  ruptured  specimens  were  also  longitudinally  sectioned  and  polished 
through  the  fiber  layers  to  assess  damage.  In  the  tension  tested  specimens,  extensive  transverse 
fiber  cracking  with  a  somewhat  periodic  spacing  is  observed  near  the  fracture  plane.  Such  fiber 
damage  is  also  observed  below  the  fracture  surface  on  creep  ruptured  specimens  (Fig.  10).  In 
specimens  tested  at  538°C  and  above,  there  is  also  some  indication  of  fiber  breakage  along  the 
specimen  edges.  Although  some  of  this  damage  can  be  attributed  to  specimen  machining  and 
polishing,  it  appears  that  additional  surface-related  cracking  occurs  during  the  creep  exposure. 
Such  damage  was  most  evident  on  machined  edges  of  the  specimen  where  the  fibers  are  directly 
exposed  to  the  environment.  The  extent  and  depth  of  this  surface  cracking  is  minimal  at  538°C, 
but  appears  to  increase  with  exposure  time  and  temperature.  Several  creep  specimens  which 
were  interrupted  during  the  secondary  stage  of  creep  were  also  sectioned  to  evaluate  creep 
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damage.  Although  some  surface  related  fiber  cracking  is  observed  on  specimens  tested  at  the 
higher  temperatures,  there  is  no  evidence  of  any  internal  fiber  cracking.  This  suggests  that  the 
fiber  cracking  observed  near  the  fracture  plane  is  associated  with  the  final  rupture  event. 


Flgura  9  SEM  fractography  ot  creep  specimen  tested  at  427°C  (1241  MPa)  showing,  (a)  creep 
Iradure  surface,  (b)  brittle  fracture  region  on  specimen  edge  (c)  higher  magnification  of  bottle  fracture 
region  showing  brittle  main*  failure,  and  (d)  ductile  matnx  failure  away  Irom  edge  showing  extensive 
rmcrovoid  formation 


Figure  10  Longitudinal  section  through 
the  first  fiber  layer  in  a  creep  ruptured 
specimen  showing  internal  fiber  cracking 
below  the  fracture  plane 


DISCUSSION 

A  preliminary  comparison  of  creep  data  with  the  load-shedding  model  by  McLean  ( 10-12). 
using  estimated  values  for  the  Ti-6A1-4V  creep  constants,  has  shown  that  the  model  can 
reasonably  well  predict  creep  response  at  the  lower  creep  temperatures  and  stresses  However, 
at  higher  stresses  and  temperatures,  the  model  cannot  account  for  the  nearly  constant  and  non¬ 
zero  rate  of  creep  observed  in  the  secondary  stage.  As  stress  and  temperature  are  increased, 
other  mechanisms  of  deformation  and/or  damage  must  occur  which  are  responsible  for  the 
steady  state  creep  region.  Creep  of  the  SCS-6  fiber  is  one  possibility  which  could  account  for 
the  secondary  creep  stage,  although  experimental  data  indicates  that  the  fiber  does  not  creep  at 
these  temperatures  (7-91.  Another  possible  mechanism  is  the  environmental  related  damage 
which  is  observed  on  the  surface  edges  of  the  composite.  Work  is  presently  underway  to 
further  investigate  damage  mechanisms  and  to  generate  modeling  parameters  for  the  matnx  using 
fiberless  Ti-6AI-4V  foil  panels.  This  will  allow  a  more  in-depdi  comparison  of  the  model  with 
the  expen  mental  data. 


The  creep  data  obtained  so  far,  indicates  the  presence  of  a  threshold  stress  value  for  creep,  as 
suggested  by  Gambone  [1],  At  stresses  above  this  threshold,  creep  lives  are  short  (less  than 
ISO  hours),  while  at  stresses  below  this  threshold  they  typically  exceed  S00  hours.  At  427°C, 
the  apparent  threshold  value  lies  between  1 172  and  1241  MPa  (Fig.  3),  and  at  538°C,  between 
1034  and  1202  MPa  (Fig.  4).  At  creep  stresses  above  this  threshold,  the  ultimate  strength  of  the 
fiber  is  exceeded  before  the  matrix  can  fully  relax;  hence,  creep  life  is  comparatively  short  and  is 
controlled  by  the  creep  resistance  of  the  matrix.  Below  this  value,  the  matrix  is  able  to  fully 
relax  and  redistribute  the  load  without  exceeding  the  tensile  strength  of  the  fiber.  Therefore,  the 
fibers  can  support  the  full  applied  load  over  extended  periods  of  time.  In  this  case,  the  creep  life 
would  be  infinite  if  it  were  not  for  the  intervention  of  environmentally-assisted  damage 
processes  which  will  ultimately  limit  the  creep  life.  If  such  a  threshold  does  indeed  exist,  then 
the  stress  earned  by  the  fibers  when  the  matnx  is  fully  relaxed  should  be  close  to  the  ultimate 
tensile  strength  of  the  fiber.  Assuming  a  threshold  stress  value  of  1200  MPa,  the  calculated 
fiber  stress  based  on  ROM  is  3430  MPa.  This  is  very  close  to  average  tensile  strength  values 
teponed  for  SCS-6  fibers  [5J. 

Strain  recovery  has  previously  been  reponed  in  directionally  solidified  eutectic  systems  [11,15] 
and  in  ceramic  composites  [  16]  with  elastically  deforming  reinforcements.  Such  behavior  can 
also  be  explained  in  terms  of  the  load  shedding  or  stress  redistribution  mechanism.  Upon  load 
removal,  the  fibers  elastically  contract  and  develop  an  axial  compressive  stress  in  the  matrix.  If 
temperature  is  sufficiently  high,  the  matrix  can  creep-relax  under  this  compressive  stress, 
resulting  again  in  a  time-dependent  redistribution  of  the  stresses.  As  a  whole,  the  composite 
appears  to  exhibit  anelastic  creep  behavior,  but  on  the  micromechanical  level,  the  fibers  contract 
elastically  and  the  matrix  contracts  via  high  temperature  creep  mechanisms.  In  principle,  if  the 
fibers  remains  fully  elastic,  it  is  expected  that  ail  creep  strain  should  be  recoverable.  The  fact 
that  the  strain  recovery  is  less  than  100%  after  long  term  creep  exposure  is  also  an  indication  that 
some  form  of  permanent  damage,  such  as  fiber  creep  or  breakage  has  occurred.  The  decrease  in 
the  amount  of  creep  strain  observed  after  the  first  cycle  of  loading  in  the  cyclic  creep  and 
recovery  tests  is  not  fully  understood,  but  could  be  related  to  pre-existing  defects  and  damaged 
fibers  on  the  specimen  surface.  These  defects  can  readily  initiate  damage  during  the  initial  creep 
cycle  while  in  subsequent  cycles,  the  damage  accumulation  is  controlled  entirely  by 
environmental  processes.  In  addition,  if  any  residual  stresses  are  present  in  the  material,  they 
could  also  contribute  to  additional  creep  strain  in  the  first  cycle. 

SUMMARY  AND  CONCLUSIONS 

Longitudinal  tension,  creep,  and  creep  recovery  tests  were  conducted  in  laboratory  air  on  a  Ti- 
6A1-4V  composite  containing  35  volume  %  SCS-6  fiber.  It  was  found  that: 

1.  The  composite  exhibits  very  high  longitudinal  tensile  strengths  and  little  scatter  in 
data  when  tested  at  room  temperature  and  427°C. 

2.  The  composite  exhibits  outstanding  longitudinal  creep  strength.  At  temperatures  up 
to  760°C,  creep  lives  were  as  good  as  or  better  than  composites  based  on  elevated  temperature 
titanium  aluminide  matrices,  such  as  Ti-24A1-1  INb. 

3.  The  load  shedding  model  cannot  entirely  account  for  the  longitudinal  creep  behavior. 
This  model  appears  to  overestimate  creep  resistance  and  cannot  account  for  the  long  periods  of 
nearly  constant  secondary  creep  observed.  Although  much  of  the  primary  creep  probably  results 
from  load  shedding,  the  secondary  region  is  apparently  related  to  another  mechanism  of 
deformation  and/or  damage  occurring  in  the  composites. 

4.  Creep  deformation  in  laboratory  air  at  427°C  and  above  is  also  associated  with 
environmental  related  surface  damage.  Regions  of  brittle  matrix  failure  and  fiber  cracking  were 
observed  on  exposed  edges  of  the  specimen. 

5.  At  538°C,  a  large  portion  of  the  creep  deformation  can  be  recovered.  Such  recovery 
is  attributed  to  the  time-dependent  redistribution  of  stresses  which  occurs  after  unloading  the 
specimen  following  a  creep  exposure. 
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Abstract 

The  fatigue  response  of  a  continuous  silicon  carbide  (SCS-6)  fibre  reinforced  Ti-6A1-4V 
metal  matrix  composite  in  the  presence  of  a  sharp  pre-crack  has  been  studied  in  single  edge 
notched  testpieces  in  bending.  Crack  growth  rates  have  been  measured  for  different  values 
of  span  to  width  ratio  (s/W)  at  ambient  temperature  and  at  a  test  temperature  of  550  °C  in 
air  by  the  use  of  a  direct  current  potential  difference  technique.  It  was  found  that  in  most 
cases  the  observed  crack  growth  rates  initially  decrease  with  la  creasing  crack  length  (and 
hence  Increasing  nominal  applied  stress  intensity  range).  In  general,  crack  growth  rates  are 
increased  at  550  °C  only  at  low  frequencies,  relative  to  the  crack  growth  rates  measured  at 
ambient  temperature.  Based  on  observations  to  date  it  has  been  shown  that  fatigue  cracks 
grown  at  a  large  span  to  width  ratio  propagate  to  failure  more  rapidly  than  cracks  grown  at 
small  span  to  width  ratios  for  equivalent  initial  nominal  stress  intensity  ranges.  Metallo- 
graphic  sections  through  the  composite  indicate  that  the  improved  fatigue  life  observed  at 
low  values  of  s/W  ratio  may  be  attributable  to  debonding  at  the  fibre  matrix  interface  and 
which  is  deduced  to  delay  the  onset  of  fibre  failure. 
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Introduction 

Previous  tests  have  been  performed  on  Ti-6A1-4V  /  SCS-6  testpieces  loaded  in  three  point 
bending  at  a  total  span  to  width  ratio  (s/W)  of  15:1 This  work  has  helped  to  demonstrate 
a  number  of  points  concerning  the  fatigue  behaviour  of  this  composite  system. 

First,  fatigue  damage  in  this  load  configuration  is  generally  limited  to  a  single  dominant 
fatigue  crack.  Second,  fibre  bridging  in  the  crack  wake  is  a  crucial  factor  in  determining 
fatigue  crack  growth  rates  and  is  demonstrated  by  initial  decreases  in  crack  growth  rate  as 
the  nominal  stress  intensity  range,  A  Kxns  increases  with  matrix  crack  length  increase.  This 
observation  can  be  explained  by  considering  the  phenomenon  of  crack  tip  shielding  by 
unbroken  fibres  !  Also,  crack  bridging  is  important  in  determining  the  transition  from 
stable  to  unstable  crack  growth  under  cyclic  loading. 

In  general  cyclic  fatigue  tests  in  bending  are  conducted  at  large  span  to  width  ratios,  in  order 
to  minimise  the  degree  of  shear  stresses  in  the  material.  This  combined  with  relatively  strong 
interfacial  bond  strength  between  the  fibres  and  the  matrix  ( 156  - 180  MPa  u)  generally  lead 
to  a  dominant  fatigue  crack  in  the  composite  matrix  at  room  temperature. 

In  service  greater  shear  stresses  may  be  imposed  on  the  composite.  Such  increases  in  the 
applied  shear  stress  to  the  fibre  matrix  interfaces  could  lead  to  multiple  matrix  cracking  i.e. 
more  distributed  damage  within  the  matrix,  and  therefore  it  is  of  interest  to  consider  this 
situation.  Indeed  if  fatigue  crack  growth  rates  were  reduced  for  the  case  of  distributed  matrix 
damage,  then  this  would  be  a  powerful  indication  that  the  growth  of  a  single  dominant  fatigue 
crack  would  produce  conservative  life  estimates.  Under  such  circumstances  the  use  of  a 
fracture  mechanics  based  approach  to  lifing  the  composite  system  would  become  self-evi¬ 
dent.  Thus  the  primary  aim  of  this  study  is  to  investigate  the  effects  of  total  span  to  width 
ratio  on  fatigue  crack  propagation. 

Experimental 

All  tests  were  performed  on  single  edge  notched  bend  testpieces  of  nominal  dimensions  (4 
x  1.75  x  70  mm1).  Cracks  were  grown  by  fatigue  from  through  thickness  slots  cut  either 
by  electric  discharge  machining  or  by  the  use  of  a  diamond  saw,  to  a  depth  of  approximately 
1  mm.  This  produced  an  initial  crack  depth  to  width  ratio,  a./W,  of  0.25.  Fatigue  cracks 
were  grown  perpendicular  to  the  fibre  direction  and  parallel  to  the  stacking  direction  within 
a  mat.  All  tests  were  carried  out  in  three  point  bending.  Two  values  of  overall  span  to  width 
ratio,  s/W,  were  used  for  the  fatigue  i.e.  s  =  15W  anas  =  5W. 

An  ESH  servohydraulic  testing  machine  fitted  with  a  10  kN  load  cell  was  used  at  a  frequency 
of  10  Hz.  Fatigue  tests  were  conducted  at  constant  load  ranges.  In  the  case  of  s  *  15W  the 
load  range,  A  P,  was  equal  to  125N  and  the  stress  ratio,  R,  was  equal  to  0.1.  In  this  case  the 
stress  ratio,  R,  is  defined  as  (om,„  /oraix )  where  ora,n  and  om„x  are  the  minimum  and 
maximum  applied  stresses  during  the  fatigue  cycle  respectively.  For  s  =  5W,  the  load  range 
was  equal  to  375N,  with  R  =  0.1.  In  both  cases  of  s/W  the  load  ranges  were  chosen  to 
produce  an  initial  value  of  nominal  applied  stress  intensity  range,  A  K*»,  of  approximately 
23  MPa  V  m . 

Fatigue  crack  growth  was  monitored  by  means  of  a  direct  current  potential  difference 
technique.  The  calibration  curves  relating  normalised  potential,  V/V„  (where  V.  is  the 
reference  potential  at  a/W  =  0.25)  to  changes  in  normalised  crack  length,  a/W,  had  been 
determined  previously  for  the  specimen  geometry  under  consideration  . 

Fatigue  tests  at  each  value  of  s/W  were  conducted  at  both  ambient  temperature  and  550  °  C. 
Testing  at  elevated  temperature  was  achieved  by  mounting  the  specimens  in  a  purpose  built 
test  jig  and  then  heating  by  means  of  two  pairs  of  quartz  halogen  furnace  lamps.  TTie 
temperature  was  monitored  by  means  of  a  thermocouple  attached  to  the  testpiece  surface. 
Once  stable,  the  temperature  was  maintained  to  within  ±  1  °  C  of  the  set  temperature. 

All  tests  were  carried  out  on  a  Ti-6A1-4V  alloy  matrix  reinforced  with  Textron  SCS-6  silicon 
carbide  fibres.  The  matrix  was  tested  in  the  as  received  condition  (i.e.  solution  treated  at 
910  °  C).  The  fibre  diameter  was  140  urn,  and  the  fibre  volume  fraction  was  confirmed  at 
approximately  0.35. 


Fatigue  cracks  were  examined  by  one  of  two  techniques : 

(i)  testpieces  containing  fatigue  cracks  were  polished  and  then  photographed  by  using 
a  light  microscope. 

(ii)  fracture  surfaces  were  examined  by  means  of  a  field  emission  gun  (FEG)  scanning 
electron  microscope,  operating  at  45  "tilt  and  20  kV. 

Results 


Ambient  Temperature. 

Figures  1(a)  and  (b)  show  the  variation  of  fatigue  crack  growth  rate,  da/dN,  versus  nominal 
applied  stress  intensity,  A  K*w,  and  total  crack  length  respectively.  In  each  case  the  initial 
value  of  A  Ka»  was  approximately  23  MPa  •fm .  Initial  fatigue  crack  growth  rates  are  similar. 
However,  crack  growth  behaviour  diverged  as  the  tests  progressed.  In  the  case  of  the  long 
span  testpiece  (A  P«  125N,  R -0.1,  s  «  15W),  the  fatigue  crack  growth  rate  decreased  until 
a  at  A  Kait  value  of  35.5  MPa  ,7n  a  steady  growth  rate  of  approximately  5x10  ‘ 7  mm/cycle 
was  achieved,  and  eventually  resulted  in  catastrophic  failure. 

The  second  long  span  test  was  conducted  at  a  frequency  of  05  Hz.  In  this  case  it  can  be  seen 
that  the  fatigue  crack  growth  decreases  initially  but  remains  higher  than  the  corresponding 
test  at  10  Hz.  It  is  also  worth  noting  that  the  05  Hz  testpiece  failed  at  a  lower  value  of  A  K*» 
(34.5  MPa  Vm). 

The  final  test  performed  at  room  temperature  involved  reducing  the  total  span  to  width 
ratio  from  s  *  15W  to  s  -  5W.  This  change  produced  a  marked  change  in  fatigue  crack 
growth  behaviour.  In  this  case  at  the  test  frequency  of  10  Hz  crack  growth  arrested  (da/dN 
<  10  mm/cycle)  at  a  A  Km  of  36  MPa  Jm . 

Figure  2  shows  a  metallographic  section  through  a  long  span  testpiece  (A  P  « 125N,  R-0.1, 
s  -  15W)  which  was  fatigue  at  a  frequency  of  10  Hz.  In  this  case  the  test  was  interrupted 
before  catastrophic  failure  occurred.  From  Figure  2  it  can  be  seen  that  a  dominant  mode  I 
fatigue  crack  has  been  produced  together  with  some  matrix  cracking.  Evidence  of  fibre 
matrix  interface  failure  is  also  present  (arrowed). 

Polishing  the  surface  of  the  short  span  testpiece  revealed  that  similar  fatigue  damage  had 
occurred  in  this  loading  configurauon,  see  Figure  3.  From  this  Figure  it  can  be  seen  that  a 
single  dominant  fatigue  crack  has  been  formed  with,  once  again,  interfacial  debonding 
(arrowed). 

It  has  also  been  observed  that  the  surface  of  the  fibres  contain  small  pits,  see  Figure  4,  which 
are  possibly  the  result  of  a  reaction  between  the  fibre  coating  and  the  matrix.  This  form  of 
surface  damage  will  be  expected  to  strengthen  the  bond  between  the  fibre  and  the  matrix. 

Elevated  Temperature  (550  *  C) 

Fatigue  crack  growth  rates,  da/dN,  are  shown  versus  nominal  A  and  total  crack  length 
in  Figure  5(a)  and  (b)  respectively.  All  tests  were  performed  at  an  initial  A  K**  of  23 

MPa  v  m ,  and  in  all  cases  cracks  extended  until  catastrophic  failure  occurred.  Long  span 
tests  were  performed  at  frequencies  of  05  and  10  Hz.  It  was  found  that  crack  growth  rates 
were  significantly  higher  at  the  lower  test  frequency. 

It  was  also  noted  that  the  initial  fatigue  crack  growth  rates  of  all  tests  performed  at  550  °  C 
were  similar  to  those  obtained  at  ambient  temperature. 

The  short  span  test,  (A  P-375N,  R-0.1,  s=5W),  at  a  frequency  of  10  Hz  exhibited  greatly 
reduced  crack  growth  rates  over  most  of  the  fatigue  test.  In  this  case  crack  growth  rates 
tended  to  approach  arrest  (da/dN  <  10  ' 8  mm/cycle)  but  never  achieved  full  arrest.  The 
period  of  very  slow  crack  growth  appears  to  have  been  interrupted  by  major  fibre  failure 
(such  observations  have  been  noted  elsewhere ').  The  occurrence  of  fibre  failure  led  to  a 
rapid  increase  in  track  growth  rate  (10  7-»4x  10  '6mm/cycle)  and  eventually  catastrophic 
failure. 


A  striking  feature  of  all  the  550  °  C  fatigue  tests  was  the  fact  that  two  off-axis  fatigue  cracks 
were  produced.  These  cracks  are  of  very  similar  length  and  extend  at  angles  of  between 
30  °  -  45  °  from  the  mode  1  opening  direction,  see  Figures  6  -  8. 

Discussion 

At  large  span  to  width  ratios  it  has  been  shown  that  single  dominant  fatigue  cracks  are 
produced  within  the  composite  matrix  '•*.  The  presence  of  such  localised  damage  suggests 
that  the  use  of  fracture  mechanics  parameters  to  characterise  fatigue  crack  growth  may  be 
appropriate. 

It  must  be  noted  that  in  many  loading  situations  and  in  actual  components  multiple  crack 
damage  may  result.  This  situation  makes  justification  for  the  use  of  fracture  mechanics 
parameters  such  as  the  alternating  stress  intensity  range  much  more  difficult.  However,  if 
it  is  possible  to  show  that  fatigue  crack  growth  rates  are  highest  under  conditions  which 
produce  a  single  dominant  crack  then  this  data  can  be  used  as  a  conservative  estimate  of  the 
resistance  to  Fatigue  crack  growth. 

In  an  attempt  to  generate  more  distributed  damage  in  the  matrix  the  span  to  width  ratio  was 
reduced.  Inis  has  the  effect  of  increasing  the  shear  loading  on  the  fibre  matrix  interfaces 
and  should  produce  more  distributed  damage  within  the  matrix  in  the  form  of  debonding  at 
the  interfaces  and  matrix  cracking.  The  presence  of  such  damage  at  the  interfaces  should 
be  reflected  by  changes  in  crack  growth  rates  and  also  in  the  mode  of  crack  propagation. 

At  room  temperature  Figures  2  and  3  demonstrate  that  production  of  a  dominant  crack 
within  the  matrix  alloy  is  independent  of  the  total  span  to  width  ratio  under  consideration 
here.  At  550  °  C,  it  was  found  that  two  off-axis  dominant  cracks  were  produced  at  both  span 
to  width  ratios.  At  both  test  temperatures  it  was  observed  that  fatigue  crack  growth  rates 
were  changed  significantly  by  reducing  the  total  span  to  width  ratio. 

Fatigue  crack  growth  rate  data  generated  at  ambient  temperature,  see  Figure  1(a)  and  (b), 
illustrates  that  under  similar  initial  conditions  of  A  Ka»  and  also  growth  rate,  crack  growth 
in  the  short  span  test  eventually  arrests  (da/dN  $  10  ' 8  mm/cycle). 

Metallographic  sections  reveal  the  presence  of  debonding  at  the  fibre  matrix  interfaces. 
Although  it  is  difficult  to  make  quantitative  estimates  of  the  degree  of  debonding  it  would 
be  expected  that  an  increase  in  the  interfacial  shear  stress  would  promote  debonding.  If  this 
were  the  case  then  it  would  be  expected  that  low  span  to  width  ratios  would  promote 
debonding  and  reduce  the  probability  of  fibre  failure  close  to  the  notch  plane.  This  argument 
follows  because  load  transfer  from  the  matrix  to  the  fibres  is  expected  to  be  reducealocally 
within  the  debond  length.  Failure  of  the  reinforcement  fibres  away  from  the  crack  plane 
allows  some  bridging  pressure  to  be  maintained  even  though  fibre  failure  has  occurred.  Thus 
testpieces  containing  increased  amounts  of  interfadal  debonding  would  be  predicted  to 
experience  lower  crack  growth  rates. 

The  presence  of  dominant  fatigue  cracks  within  all  the  testpieces  is  reassuring  from  an 
experimental  point  of  view,  since  the  growth  of  such  cracks  can  be  measured  with  confidence 
and  predictive  models  developed. 

|  At  550 °  C  two  dominant  off-axis  fatigue  cracks  are  produced.  The  formation  of  these  cracks 
appears  to  be  independent  of  the  test  span  to  width  ratio,  see  Figure  6  -  8.  Production  of 
•off-axis  cracks  is  considered  to  be  consistent  with  a  reduction  in  the  intrinsic  interfadal 
strength,  and  greater  crack  deflection  M.  It  has  been  determined  that  in  similar  systems 
compressive  stresses  are  formed  around  the  fibres  ".  It  has  been  observed,  see  Figure  4, 
that  reactions  at  the  fibre  matrix  interface  leads  to  the  formation  of  pits  in  the  coating.  This 
pitting  combined  with  compressive  stresses  will  plausibly  produce  an  effident  mechanical 
bond  at  ambient  temperature.  At  550  *  C  the  compressive  stresses  are  almost  removed  ", 

I  thus  reducing  the  efficiency  of  the  mechanical  bond.  Chemical  attack  by  atmospheric  oxygen 
is  also  thought  to  reduce  the  interface  strength  ttU.  Both  these  mechanisms  appear  to 
decrease  the  interface  strength  and  will  promote  debonding  under  increased  shear  loading. 

It  is  interesting  to  note  the  rapid  increase  and  decrease  in  da/dN  observed  at  low  growth 
rates  (S  10  "7  mm/cyde)  in  near  arrest  regions,  see  Figure  5(a)  and  (b).  It  is  thought  that 
i these  excursions  are  attributable  to  fibre  failure  in  the  crack  wake  (see  also  reference '). 
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The  progress  toward  final  arrest  appears  to  have  been  interrupted  by  a  very  rapid  increase 
in  growtn  rate,  which  was  possibly  aue  to  a  large  number  of  bridging  fibres  failures. 

At  5S0  ‘C  all  tests  to  date  have  failed,  irrespective  of  the  test  span  to  width  ratio.  This 
suggests  that  at  SSO  °  C  a  combination  of  environmental  and  mechanical  damage  processes 
may  lead  to  fibre  failure  after  an  extended  number  of  cycles. 

Conclusions 

1.  The  nature  of  fatigue  damage  (i.e.  dominant  mode  I  cracks)  is  independent  of  the 
span  to  width  ratio,  5  <  s/W  <15.  However,  crack  arrest  (da/dN  <  10  *4 5 6 7  8 9 10 11  mm/cycle) 
has  been  observed  in  short  span  tests,  whereas  cracks  grew  to  failure  in  long  span 
tests,  for  nominally  identical  initial  applied  stress  intensity  range. 

2.  At  550  °  C  off-axis  dominant  fatigue  cracks  are  produced.  This  behaviour  appears 
to  be  a  characteristic  of  this  system  when  tested  in  three  point  bending  under  cyclic 
loading.  In  short  span  tests  crack  arrest  was  not  observed,  consistent  witn  fibre  failure 
after  an  extended  number  of  cycles. 

3.  The  presence  of  dominant  cracks  at  both  ambient  temperature  and  550  °  C  appears 
to  facilitate  the  use  of  fracture  mechanics  parameters  in  characterising  fatigue  crack 
growth. 
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Figure  1.  da/dN  versus  (a)  AKapp  and  (b)  total  crack  length  at  ambient  temperature. 


Figure  2.  Metallographic  section  through  a  Figure  3.  Metallographic  section  through  a 
long  span  testpiece,  (AP=125N.  R=0.1,  short  span  testpiece,  (AP~375N  R=()l 
s  =l5W.  ambient  temperature).  Note  the  in-  s  =  5W.  ambient  temperature).  Note  the 
cidence  of  fibre  fracture  and  interface  de-  presence  of  fibre  fracture  and  debonding  (ar- 
bondmg  (arrowed).  rowed). 
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Figure  4  Micrograph  showing  pitting  of  the 
fibre  coating  after  reaction  with  the  Ti-6A1- 
4V  matrix. 
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Figure  5.  da/dN  versus  (a)  AKapp  and  (b)  total  crack  length  at  the  test  temperature 

of  550  °C. 


Figure  6.  Off-axis  fatigue  cracks  produced  at  Figure  7.  Off-axis  fatigue  cracks  produced  at 
AP  =  125N.  R  =0.1.  s  =  15W.  0.5  Hz.  550  °C  AP  =  125N.  R  *0.1,  s  -  15W.  10  Hz.  550  °C. 
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Figure  8.  Off-axis  fatigue  cracks  produced  at 
AP  =  375 N.  R  =  0. 1.  s  -  5  W.  10  Hz,  550  °C. 
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ABSTRACT 

The  damage  and  plasticity  mechanisms  were  evaluated  for  a  Ti  15-3/SCS6  metal  matrix 
composite  (MMC)  under  tension  loading  at  room  and  elevated  temperatures.  Experiments 
involved  a  combination  of  tension  tests,  where  Poisson's  ratios  and  unloading  compliances 
were  monitored,  and  detailed  microstructural  evaluation  of  tested  specimens.  For  the  0-degree 
system,  the  primary  inelastic  deformation  mechanism  was  plasticity  of  the  matrix,  although 
final  failure  occurred  when  a  critical  level  of  stress  (or  strain)  was  reached  in  the  fibers.  In  the 
case  of  the  90-dcgree  system,  there  was  a  three-stage  deformation  response,  with  either 
damage  or  plasticity  dominating  during  the  different  stages  of  deformation.  Reaction-zone 
cracks  were  found  to  play  an  important  role  in  nucleating  plasticity  in  the  matrix  for  all  ply 
systems,  particularly  during  the  micro-yield  regime  of  deformation.  The  primary  effects  of 
elevated  temperature  included  reduced  residual  stress  in  the  MMC,  and  time-dependent 
deformation  and  diffused  slip  in  the  matrix.  The  latter  was  in  contrast  to  the  planar  slip 

observed  at  room  temperature,  which  was  explained  in  terms  of  a  very  fine  co-phase  detected  in 
the  microstructure  of  the  beta-titanium  matrix.  The  experimental  results  were  compared  with 
the  predictions  of  a  number  of  constitutive  models.  A  finite  element  unit-cell  model  was 
developed,  which  provided  best  correlation  with  the  experimental  data. 

INTRODUCTION 

Titanium  alloy  based  metal  matrix  composites  have  been  the  subject  of  significant  research  in 
recent  years.  This  stems  from  their  superior  stiffness  and  strength-to-weight  ratios  and  creep 
strengths  at  elevated  temperatures.  A  deficiency  of  such  systems  is  their  low  fracture  strains, 
which  make  it  imperative  that  inelastic  deformation  processes  be  included  in  any  realistic  design 
methodology.  Understanding  the  deformation  mechanisms  also  is  important  from  a  materials 
development  perspective,  because  it  can  suitably  guide  microstructural  tailoring  for  improved 
MMC  properties. 

In  this  work,  monotonic  tension  tests  were  performed  on  a  Ti  15-3/SCS6  composite.  A 
number  of  ply  systems  were  investigated:  [Oj*,  (90]*,  and  [±45] 2,  systems,  with  primary 
emphasis  on  the  0°  and  90°  systems.  In  this  paper,  only  the  main  results  are  discussed,  and 
specific  details  are  provided  in  references  [1-4],  The  results  of  other  monotonic  tension  tests 
on  this  system,  which  are  relevant  to  the  work  described  here  are  available  in  references  [5-7]. 

EXPERIMENTS 

The  materials  tested  were  8-ply  Ti  15-3/SCS-6(SiC)  composites,  approximately  1.99  mm 
thick,  fabricated  using  a  foil- fiber- foil  consolidation  technique;  the  fiber  volume  fraction  was 
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approximately  0.34.  The  Ti  15-3  (Ti-15V-3Cr-3Al-3Sn,  all  in  weight  percent)  matrix  is  a 
metastable  body  centered  cubic  (bcc)  B  Ti-alloy,  the  bcc  phase  being  stabilized  by  vanadium. 

Uniaxial  dog-bone  shaped  tensile  test  specimens  were  tested  in  the  as-fabricated  condition, 
involving  a  cool-down  from  the  HIP-ing  temperature  of  approximately  815  C;  no  heat- 
treatment  was  performed  prior  to  the  testing.  In  addition  to  measuring  longitudinal  strains 
(along  specimen  axis),  the  width  and  thickness  strains  were  monitored  using  extensometers 
and  strain  gages;  such  measurements  provided  critical  information  on  the  relative  magnitudes  of 
plasticity  and  damage.  Experiments  were  performed  at  room  temperature  (RT)  and  at  538  C. 
The  elevated  temperature  tensile  and  creep  experiments  were  performed  using  cold  grips  and 
induction  heating  only  the  region  between  the  shoulders  of  the  specimen.  The  advantage  of 
such  a  testing  approach  is  that  it  can  effectively  transfer  load  from  the  grips  to  the  fibers, 
through  the  matrix  in  the  cold  region  of  the  sample;  this  is  in  contrast  to  the  case  of  hot  grips, 
characteristic  of  standard  creep  frames,  where  there  are  ambiguities  regarding  effective  transfer 
of  load  from  the  grips  to  the  fibers  at  the  high  testing  temperatures.  Following  mechanical 
testing,  specimens  were  examined  optically  and  by  transmission  electron  microscopy  (TEM). 

RESULTS 

Mechanical  Test  Results 

tnia  MMC 

The  stress  versus  longitudinal  strain  data  for  a  few  of  the  tested  [0]g  specimens  are  shown  in 
Figure  la.  The  stress-strain  behaviors  at  RT  and  538  C  were  similar,  with  the  unloading  line 
being  parallel  to  the  loading  line,  suggesting  plasticity  as  the  dominant  inelastic  mechanism. 

The  elevated  temperature  deformation  response  differed  from  the  RT  response  primarily  in 
terms  of  the  stresses  and  strains  at  which  inelastic  deformation  initiated  and  fracture  occurred. 
Whereas  inelastic  deformation  at  RT  initiated  at  a  "yield”  strain  of  approximately  0.55%.  it  was 
approximately  0.35%  at  538  C.  The  lowering  of  the  critical  strain  likely  reflects  the  lowering 
of  the  flow  stress  of  the  matrix,  which  was  approximately  800  MPa  at  RT,  and  which  was  only 
400  MPa  at  538  C.  The  lowering  of  the  strain  to  failure  is  believed  to  be  due  to  less  residual 
compression  stress  in  the  fibers  at  538  C  compared  with  that  at  RT.  Comparisons  of 
mechanical  data  with  theoretical  predictions  will  be  provided  later. 

The  dotted  lines  in  Figure  lb  represent  experimental  plot  of  ew/ei.  versus  the  total  longitudinal 
strain  (et),  where  ew  is  the  total  width  strain;  the  scatter  being  largely  because  a  ratio  has  been 
plotted.  The  main  point  to  note  is  that  beyond  0.5  percent  strain,  the  data  illustrate  an  increase 
in  the  Poisson's  ratio,  rather  than  a  decrease,  suggesting  plasticity  as  the  dominant  mechanism. 
Figure  lb  also  contains  analytical  predictions  of  two  models:  (i)  the  vanishing  fiber  diameter 
model  (AGLPLY)  of  Dvorak  et  al.  [8],  and,  (ii)  a  computational  unit-cell  model  [9]  for 
analyzing  MMCs.  The  significant  point  here  is  that  the  models,  where  only  plasticit 
accounted  for  all  the  inelastic  deformation  in  the  0-degree  MMC,  predicted  increasing  values  of 
ew/eL  with  increasing  eL-  Thus,  the  experimentally  observed  increasing  behavior  of  ew/ei.  can 
indirectly  be  interpreted  as  arising  from  plasticity  of  the  matrix,  consistent  with  plasticity  also 
being  indicated  by  parallel  loading-unloading  curves. 

Figure  la  also  contains  the  stress-strain  response  for  a  specimen  creep  tested  for  four  hours  at 
800  MPa  at  538  C.  The  creep  deformation  appears  to  have  an  adverse  effect  on  the  residual 
tensile  strength.  If  it  is  assumed  that  fast  fracture  is  controlled  by  the  attainment  of  a  critical 
strain  (failure  strain  of  fibers),  then  the  extrapolation  indicated  by  BC  in  Figure  la  suggests  that 
the  loss  in  strength  (a  traditional  mechanistic  approach  for  defining  damage)  due  to  creep  would 
be  AC  (approximately  150  MPa).  Such  large  decreases  in  tensile  strength  following  only  four 
hours  of  creep  are  not  observed  in  the  case  of  homogeneous  metals. 

Although  not  shown  here,  the  creep  strain  followed  [4]  a  t1'"-*  relationship,  where  n  and  t 
correspond  to  the  power-law  creep  exponent  of  just  the  matrix  material  and  time,  respectively.. 
A  simple  load-transfer  formulation,  somewhat  similar  to  [  10],  and  based  only  on  a  power-law 
secondary  creep  behavior  of  the  matrix  material,  does  appear  to  provide  this  relationship.  It 
remains  to  be  determined  whether  such  relationships  are  valid  for  other  systems. 


Figure  2  shows  the  effect  of  the  volume  fraction  of  fibers  on  the  stress-strain  response  of  the 
composite.  As  anticipated,  the  figure  shows  that  the  elastic  modulus  of  the  composites 
increased  with  increasing  volume  fraction  of  fibers.  Correspondingly,  the  fracture  strains 
reduced  slightly,  likely  reflecting  the  fact  that  residual  compressive  stresses  in  the  fibers  reduce 
with  increasing  fiber  fraction.  The  fracture  strains  also  may  have  been  influenced  by  the 
greater  probability  of  defects  (such  as  touching  fibers)  in  the  higher  volume-fraction  MMC. 

f901,  MMC 

Figure  3a  illustrates  the  stress-strain  behavior  for  [90]g  specimens  at  RT,  538  C,  and  649  C;  a 
few  creep  curves  at  538  C  are  also  included.  At  RT  and  538  C,  this  lamina  system  had  a  three- 
stage  deformation  characteristic:  Stages  I,  n,  and  m.  The  sharp  decreases  in  stiffness  in  Stage 
II  are  indicative  of  damage.  At  649  C,  Stage  I  was  absent,  indicating  that  the  residual  stresses 
at  that  temperature  were  so  small  that  debonding  occurred  immediately  on  loading  the  MMC. 
Note  also  that  significant  creep  can  occur  within  few  hours  (<4  hours)  at  low  stresses  at  538C. 

Figure  3b  is  a  plot  of  the  instantaneous  width  Poisson's  ratio  (-dew/deiJ  versus  the  longitudinal 
strain  at  RT,  and  it  once  again  illustrates  a  3-stage  characteristic,  similar  to  Figure  3a.  We 
interpret  the  large  decrease  in  Poisson's  ratio  in  going  from  Stage  I  to  Stage  II  as  being  due  to 
damage  (primarily  fiber-matrix  debonding),  consistent  with  significant  decreases  of  stiffness 
observed  in  Figure  3a.  In  reference  [1]  we  have  also  provided  microstructural  evidence  of 
debonding  in  Stage  II.  The  solid  lines  in  Figure  3b  represent  the  results  of  the  AGLPLY 
analysis  [8],  and  the  unit  cell  model  [9],  We  shall  comment  on  the  models  later  in  this  paper. 

^451^  MMC 

Figure  4  shows  comparisons  of  the  stress-strain  response  of  the  [±45)2,  MMC  at  RT  and 
538C.  There  was  once  again  a  3-stage  stress-strain  response,  similar  to  the  90°  MMC,  with 
significant  stiffness  decreases  occurring  during  Stage  II.  We  have  metallographically 
confirmed  [4]  that  the  stiffness  decrease  in  Stage  II  was  due  to  fiber-matrix  debonding.  It  is 
also  notable  that  for  the  45°  MMC,  the  flow  stress  settled  down  to  values  between  450  and  500 
MPa  at  large  strains,  implying  in-plane  shear  flow  strengths  between  225  and  250  MPa.  These 
numbers  are  well  below  those  for  the  matrix  material  (shear  strength  -  400  MPa).  We  interpret 
the  difference  to  be  due  to  relative  fiber-matrix  sliding  because  of  a  weak  interface  (friction 
stress  between  60  and  120  MPa  [14,15]).  If  such  fiber-matrix  sliding  is  assumed,  then  we  can 
indeed  predict  in-plane  shear  strengths  (from  45°  data)  extremely  well  both  at  RT  and  538  C. 

MICROSTRUCTURE 

Figure  5a  shows  the  microstructure  of  a  0-degree  MMC  unloaded  from  a  strain  of  0.9  percent. 
This  figure  illustrates  that  there  were  two  nucleation  sites  for  slip  bands:  reaction-zone  cracks 
(rzc),  and  grain  boundaries  (gb);  the  corresponding  slip  bands  are  numbered  sbl  and  sb2, 
respectively.  The  reaction-zone  cracks  formed  first,  followed  by  slip  band  nucleation  from 
those  cracks  [2],  This  type  of  slip  occurred  before  the  knee  of  the  stress-strain  curve.  Bulk 
plasticity,  involving  slip  band  nucleation  from  gb  appeared  to  start  only  after  the  knee. 

TEM  observation  of  the  as-received  material  indicated  that  it  had  a  reasonably  low  dislocation 
density,  with  dislocations  being  primarily  long,  probably  being  remnants  from  high 
temperature  processing.  Thus,  residual  stresses  from  cooling  probably  were  not  sufficient  to 
induce  large-scale  plasticity  in  the  bulk  of  the  matrix.  Figure  5b  is  a  TEM  micrograph  of  the 
matrix  of  the  deformed  0-degree  MMC,  and  it  shows  large  dislocation  arrays  emanating  from  a 
gb.  Such  a  dislocation  structure  confirms,  through  TEM,  the  plasticity  that  was  inferred  from 
optical  observation  of  sb  features.  Analysis  of  diffraction  patterns  and  dark  field  images 

indicated  that  a  fine  coherent  co-phase  was  present  in  the  B-malrix.  Figure  5c,  taken  at  a  high 
magnification,  is  a  dark  field  image  and  shows  the  fine  precipitate  structure.  The  streaks  in  the 
diffraction  pattern  are  characteristic  of  such  a  fine  phase.  The  fine  co-phase  particles  would  be 
amenable  to  shearing  by  dislocations,  making  the  material  prone  to  planar  slip.  This  planar  slip 


character  likely  was  responsible  for  making  slip  bands  easily  observable  optically. 


Final  fracture  of  the  0-degree  MMC  was  precipitated  by  fiber  failure.  Polishing  of  specimens 
unloaded  from  strains  up  to  0.9  percent  failed  to  reveal  fiber  failure.  Thus,  the  mechanism  of 
fracture  appeared  to  be  that  the  fibers  failed  when  their  critical  strength  (or  failure  strain)  was 
reached,  and  this  was  immediately  followed  by  failure  of  the  composite.  Molybdenum 
ribbons,  which  were  used  to  hold  the  fibers  in  place  during  the  foil-fiber-foil  consolidation, 
were  observed  to  contribute  to  composite  failure,  judging  from  the  fact  that  many  of  the  critical 
fibers  breaks  occurred  where  the  molybdenum  ribbons  were  located. 

For  the  90°  MMC,  the  microstmcture  of  deformed  samples  showed  fiber-matrix  debonding, 
reaction-zone  cracks,  and  slip  bands.  At  large  strains,  the  slip  bands  between  neighboring 
fibers  interacted,  and  cracks  nucleated  and  propagated  in  those  intense  slip  bands.  The  details 
on  the  microstructure  of  deformed  90°  samples  are  provided  in  references  [1-4],  Similar 
deformation  processes  were  observed  for  the  ±45°  MMC. 

COMPARISONS  OF  THEORY  WITH  EXPERIMENTS 

In  this  section  we  present  a  preliminary  assessment  of  how  different  constitutive  models 
performed  in  predicting  the  stress-strain  behavior  of  the  [0]8  and  [90]g  MMC.  Three 
constitutive  models  were  considered  for  comparisons:  (i)  the  METCAN  code  of  Chamis  et 
al.[  11-13],  (ii)  AGLPLY,  based  on  the  analysis  of  Dvorak  et  al.[8],  and  (iii)  a  unit-cell  finite 
element  method  (FEM)  model  developed  in  this  program  [9]. 

The  METCAN  computer  code  [11-13]  uses  a  composite  micro-mechanics  approach  and 
laminate  theory  to  model  the  MMC  response.  Although  the  model  can  account  for  interface 
damage  in  a  limited  way,  by  changing  the  mechanical  properties  of  the  interphase  region  (the 
region  consisting  of  the  reaction-zone  and  the  interfaces),  it  cannot  predict  a  priori  what  the 
interphase  property  should  be.  The  AGLPLY  code  is  based  on  the  elastic-plastic  vanishing 
fiber  diameter  model  of  Dvorak  et  al.[8].  Here  too,  the  primary  drawback  is  that  it  cannot 
account  for  debonding  damage,  and  this  once  again  poses  a  problem  for  off-axis  systems. 

The  unit-cell  FEM  model  [9]  considers  a  2-D  fiber-matrix  combination.  The  rectangular 
boundaries  retain  their  straight  faces  during  deformation,  and  generalized  plane  strain 
conditions  are  assumed.  Additional  input  to  the  model  include  varying  the  bond  strength.  A 
bond  strength  of  zero  provided  excellent  correlation  with  RT  data  [1,2,4],  but  as  will  be 
indicated  here,  a  higher  bond  strength  (~  85  MPa)  appeared  to  be  necessary  at  538  C  to  explain 
the  elevated  temperature  response  of  the  [90]  g  MMC.  In  all  the  models  that  were  selected  here, 
the  appropriate  physical  and  mechanical  properties  of  the  constituents  were  used  [1,6], 

Figures  6a  and  6b  provide  comparisons  of  the  model  predictions  with  experimental  data  for  the 
[90]g  MMC  at  RT  and  538  C,  respectively.  At  KT,  the  Stage  I-Stage  II  transition  was 
predicted  reasonably  well  by  the  METCAN  code.  However,  note  that  an  assumption  in  the 
METCAN  code  was  that  the  elastic  modulus  of  the  inteiphase  region  reduce  to  2  %  of  the 
matrix  modulus  at  the  stress  corresponding  to  the  Stage  I/Stage  II  transition.  This  was  based 
on  observed  debonding  phenomenon,  and  could  not  be  predicted  a  priori  by  the  code.  The 
AGLPLY  model  predicted  the  stress-strain  response  reasonably  well  up  to  a  strain  of  0.6 
percent:  however  here  too,  when  the  code  was  used,  the  modulus  of  the  fibers  were  artificially 
reduced  (to  3  percent  of  their  original  value)  at  the  Stage  I-Stage  II  transition.  Without  this 
modification,  the  code  would  not  have  provided  good  stress-strain  correlation  with 
experimental  data  above  a  strain  of  0.2  percent.  The  unit-cell  model  provided  best  stress-strain 
correlation  with  the  experimental  data  at  RT.  No  assumptions  were  necessary  regarding  when 
debonding  would  occur;  however,  a  zero  bond  strength  was  assumed  in  the  analysis.  The 
loading-unloading  response  was  predicted  extremely  well.  Figure  lb  and  3b  show  that  the  unit¬ 
cell  model  was  also  able  to  satisfactorily  predict  the  Poisson’s  ratios  at  RT. 

At  538  C,  the  METCAN  code  over-predicted  the  Stage  I-Stage  II  transition  of  the  [90]g  MMC 
by  approximately  SO  MPa  whereas  the  unit-cell  model  with  zero  bond  strength  grossly 
under-predicted  the  Stage  I-Stage  n  transition  (Figure  6b).  In  an  effort  to  evaluate  the  reason 
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for  under-prediction  of  the  unit-cell  model,  the  bond  strength  was  varied.  It  was  found  that  a 
bond  strength  of  85  MPa  provided  best  correlation  with  the  experimental  data.  A  possible 
explanation  is  that  the  debonding  phenomenon  is  actually  a  cracking  process  in  the  reaction- 
zone/fiber  interphase  region  (along  the  axis  of  fibers,  see  our  photographs  in  [3]),  and  any 
ductility  increase  of  the  region  may  increase  the  stress/strain  required  for  such  cracking.  This 
explanation  also  is  consistent  with  our  observations  of  much  less  reaction  zone  cracks  at  538  C 
compared  with  RT.  Note  that  the  reaction-zone  essentially  consists  of  titanium  silicide  and 
titanium  carbide  particles  of  high  volume  fraction  in  a  Ti-matrix;  thus  any  ductility  improvement 
of  the  Ti-matrix  with  temperature  could  possibly  lead  to  toughening  of  the  interphase  region. 

DISCUSSION 

The  important  objectives  of  this  work  were:  to  understand  the  mechanisms  of  deformation  of 
the  Ti-alloy  MMC  using  key  experiments;  to  evaluate  the  contributions  of  damage  and  plasticity 
to  the  overall  deformation  response;  and  to  evaluate  models  based  on  observed  longitudinal  and 
off-axis  strains.  The  results  presented  here  suggest  that  a  detailed  approach  is  able  to  provide  a 
coherent  picture  of  the  deformation  mechanisms. 

The  effect  of  elevated  temperature  was  to  reduce  the  thermal  residual  stress  in  the  MMC,  and 
the  flow  stress  of  the  matrix.  Also,  less  reaction-zone  cracks  were  observed  at  538  C 
compared  with  RT,  suggesting  that  the  toughness  of  the  reaction-zone  region  may  increase 
with  increasing  temperatures.  However,  besides  these  differences,  the  primary  mechanisms  of 
inelastic  deformation  remained  essentially  similar  at  both  RT  and  538  C. 

The  modeling  results  showed  that  it  is  important  to  rigorously  validate  models  by  measuring 
both  longitudinal  strain  and  strains  perpendicular  to  the  loading  direction.  Thus,  whereas  the 
AGLPLY  analysis  was  able  to  predict  the  stress- versus-longitudinal  strain  response,  it  was  not 
adequate  for  predicting  the  transverse  strain  response.  The  unit  cell  model  was  able  to 
satisfactorily  predict  the  stress-strain  and  width-strain  versus-longitudinal-strain  response  at 
both  temperatures.  However,  for  the  90-degree  system,  the  model  was  based  on  the 
assumption  of  a  zero  bond  strength  at  RT,  although  push-out  tests  [14,15]  tend  to  indicate 
bond  strengths  of  the  order  of  100  MPa  at  RT.  We  are  as  yet  unable  to  reconcile  such 
differences  in  the  bond  strengths,  although  for  the  [90]g  MMC  the  debonding  is  perpendicular 
to  the  Tiber  axis,  whereas  in  the  push-out  tests  debonding  is  parallel  to  the  fiber  axis  and  the 
effects  of  fiber  asperities  become  more  significant 

CONCLUSIONS 

The  following  conclusions  can  be  drawn  based  on  the  work  presented  here: 

(i)  Inelastic  deformation  of  the  0-degree  MMC  is  dominated  by  plasticity  of  the  matrix  at 
both  RT  and  538  C.  The  primary  differences  are  lower  residual  stress,  less  reaction  zone 
cracks  and  diffused  slip  at  538  C,  compared  with  those  at  room  temperature. 

(ii)  An  co-phase  was  detected  in  the  microsiructure,  and  these  fine  precipitates  likely  were 
responsible  for  sharp  and  planar  slip  bands  at  RT. 

(iii)  The  90-degree  MMC  shows  a  3-stage  deformation  response,  with  debonding  dominating 
in  Stage  D  and  plasticity  in  Stage  III.  Elevated  temperature  drastically  reduced  the  stress 
at  the  onset  of  Stage  II. 

(iv)  For  the  45°  MMC,  fiber-matrix  sliding  in  shear  appears  to  be  another  damage  mode,  and 
can  explain  the  low  in-plane  shear  strength  of  the  MMC. 

(v)  Comparisons  of  theoretical  predictions  with  experimental  data  show  that  it  is  important  to 
rigorously  validate  models,  including  comparisons  with  Poisson's  ratio  data,  to  establish 
whether  they  can  adequately  predict  the  mechanical  response  of  the  MMC. 

(vi)  The  microstnictural  examinations  show  that  the  reaction  zone  and  fiber-matrix  interface 
play  an  important  role  in  influencing  the  stress-strain  behavior  of  the  MMC.  From  both 
modeling  and  material  improvement  viewpoints,  there  is  therefore  an  important  need  to 
determine  the  physical  and  mechanical  properties  of  this  interphase  region. 
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ABSTRACT 

The  tensile  behavior  of  as-fabricated  and  vacuum  annealed  unidirectional 
SiC  (SCS-6)  fiber  reinforced  Ti-24AI-11Nb  composites  containing  molybdenum 
wire  crossweaves  was  evaluated  at  room  temperature  (RT)  and  815°C.  The  stress- 
strain  curves  displayed  a  two-stage'  deformation  behavior  and  the  composites 
exhibited  excellent  strengths  over  a  broad  range  of  temperature.  Specimens 
deformed  at  RT  revealed  a  relatively  flat  fracture  with  the  matrix  exhibiting  brittle 
failure.  However,  extensive  fiber  pull-out  was  observed  at  815°C  with  the  matrix 
demonstrating  ductile  fracture.  The  Mo/matrix  interface  failed  in  a  brittle  manner  at 
all  test  temperatures.  Tensile  deformation  of  specimens  at  RT  produced  a  low 
density  of  dislocations  in  the  matrix  while  numerous  intersecting  slip  bands  and  a 
high  dislocation  density  were  observed  at  815°C. 

INTRODUCTION 

For  advanced  aerospace  structural  applications  materials  with  low  density, 
high  strength  and  stiffness  along  with  environmental  resistance  are  required.  SCS- 
6  fiber  reinforced  Ti3AI-based  ordered  titanium  aluminide  composites  possess 
many  of  these  attributes  (1).  When  these  composites  are  exposed  to  elevated 
temperatures,  significant  microstructural  changes  occur  which  may  affect  the 
mechanical  properties  of  the  composites  (2,3). 

The  purpose  of  the  present  study  was  to  determine  the  tensile  behavior  of  as- 
fabricated  and  vacuum  annealed  unidirectional  SCS-6/Ti-24AI-1lNb  composite 
deformed  at  RT  and  815°C.  The  mechanical  property  of  the  composite  is  discussed 
in  terms  of  the  microstructure  of  the  composite  including  the  matrix/Mo  interface. 

MATERIALS  AND  PROCEDURES 

The  composite  used  was  unidirectional  SCS-6  fiber  reinforced  Ti-24AI-11Nb 
(at.%)  matrix  with  a  fiber  volume  fraction  of  0.33 .  The  matrix  consists  of  two  phases: 
an  ordered  a2  phase  (DOig)  and  a  beta  phase.  The  SCS-6  fiber  has  a  carbon 
core  on  which  SiC  is  deposited  by  chemical  vapor  deposition.  The  composite  was 
fabricated  by  the  foil-fiber-foil  method  incorporating  molybdenum  wires  to  weave 
fiber  mats  (4,  5).  A  cross-section  of  the  8-ply  composite  is  shown  in  Figure  1 . 
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Tensile  tests  were  conducted  in  air  at  RT  and  815°C  with  a  loading  rate  of 
100  MPa/sec  and  the  direction  of  loading  parallel  to  the  fiber  axis.  Some  of  the  test 
specimens  were  vacuum  annealed  at  980°C/25  hr  to  investigate  the  effect  of 
thermal  treatment  on  tensile  properties.  Microstructural  characterization  of  the 
composite  was  accomplished  by  optical,  scanning  electron  microscopy  (SEM), 
transmission  electron  microscopy  (TEM),  and  electron  microprobe  analyzer  (EMPA) 
methods. 

RESULTS  AND  DISCUSSION 

Composite  Microstructure 

Figure  2  is  a  typical  microstructure  of  the  as-fabricated  composite  showing 
the  (a2  +  beta)  matrix,  SCS-6/matrix  reaction  zone  and  a  beta  denuded  zone.  A 
separate  reaction  zone  was  formed  at  the  SCS-6/Mo  interface  and  an  interface  was 
created  between  the  matrix  and  Mo  wire  crossweave  (Figure  3).  Vacuum  annealing 
of  composites  at  980°C/25  hr  has  brought  significant  microstructural  changes  in  the 
composite  as  well  as  growth  of  various  interfaces  and  matrix  grains.  In  the  SCS-6 
/matrix  reaction  zone  TiC,  (Ti,Nb,AI)5Si3,  (Ti,Nb)3(Si,AI)  and  (Ti,Nb)3AIC  have  been 
identified  (2,  6,  7).  The  selected  area  diffraction  (SAD)  pattern  from  the  SCS-6/Mo 
reaction  zone  consisted  of  several  spotted  rings  along  with  other  diffracted  spots 
(Figure  4b).  The  former  was  consistent  with  the  M02C  structure  and  the  latter  could 
presumably  be  due  to  molybdenum  silicides.  The  SAD  pattern  from  the  Mo/matrix 
interface  (Figure  4d)  could  be  matched  with  the  CsCl  structure  (8).  The 
compositional  analysis  of  the  Mo/matrix  interface  by  EMPA  showed  that  the 
interface  had  a  composition  close  to  Ti2(Mo.Nb)AI.  Both  carbon  core  and  fiber 
coating  showed  the  evidence  of  graphitization  (Figure  5).  In  the  carbon  core 
bubbles  were  found  (Figure  5a)  and  fine  SiC  precipitates  were  observed  in  the  fiber 
outer  coating  (5b).  Figure  6  shows  the  presence  of  an  orthorhombic  phase  in  the 
matrix  similar  to  the  observation  made  by  Banerjee  et  al  (9).  A  detailed  description 
of  the  microstructure  of  SCS-6/Ti-24AI-11Nb  composite  containing  Mo  wire  cross 
weave  will  be  available  elsewhere  (7). 

Tensile  Behavior 

Stress-strain  curves  of  as-fabricated  and  vacuum  annealed  composites 
tested  at  RT  and  815°C  exhibited  a  two-stage  deformation  behavior.  A  typical 
example  for  vacuum  annealed  composite  tested  at  RT  is  shown  in  Figure  7.  An 
initial  linear  stage  (Stage  I)  where  both  fibers  and  matrix  deform  elastically 
transitions  to  a  non-linear  stage  (Stage  II)  which  depicts  the  onset  of  plastic 
deformation  of  the  matrix  while  the  fibers  continue  to  deform  elastically.  The  stress 
at  which  the  transition  takes  place  is  referred  to  as  the  yield  stress  and  the 
corresponding  strain  as  the  yield  strain.  Table  I  presents  tensile  properties  of  all 
composites  tested  at  RT  and  815°C. 

Table  I.  Tensile  Properties  of  H-24AI-1 1  Nb/SCS-6  Composite 


Heat 

Treatment 

Temp. 

(°C) 

Yield 

Stress 

MPa/Ksi 

Yield 

Strain 

(%) 

Ultimate 

Stress 

MPa/Ksi 

Fracture  Modulus 
Strain  (GPa/Msi) 

(%)  Stage  1  Staged 

As-fabricated 

RT 

513/74 

.30 

1114/162 

.74 

171/25 

136/20 

As-fabricated 

815 

417/61 

.31 

920/134 

.81 

135/20 

100/14 

Annealed 

RT 

460/67 

.22 

1142/166 

.73 

209/30 

133/19 

Annealed 

815 

380/55 

.23 

968/137 

.72 

162/23 

123/18 

The  yield  stress  and  ultimate  strength  of  as-fabricated  and  vacuum  annealed 
composites  deformed  in  tension  at  RT  were  higher  than  those  for  composites 
deformed  at  815°C.  This  may  be  explained  in  terms  of  reduced  yield  stress  and 
ultimate  strength  of  the  matrix  at  elevated  temperatures.  The  composites  exhibited 
good  strengths  over  a  broad  temperature  range,  with  ultimate  strengths 
approaching  70-76%  of  the  rule-of-mixture  calculations  (10).  The  fracture  strain  of 
composites  varied  from  0.72  to  0.81  which  is  lower  than  the  fracture  strain  of  the 
SCS-6  fibers  of  0.91%  (11). 

The  elastic  moduli  for  Stage  I  for  all  composites  varied  from  78-108%  of  the 
values  predicted  by  the  rule  of  mixtures  (ROM)10.  The  elastic  moduli  of  the 
composites  tested  at  RT  were  higher  than  those  for  composites  tested  at  815°C. 
For  vacuum  annealed  composites  tested  at  RT  and  815°C,  the  elastic  moduli  were 
20-24%  higher  that  those  of  as-fabricated  composites  tested  under  similar 
conditions.  Vacuum  annealing  of  composites  has  led  to  microstructural  changes  in 
the  fiber,  matrix  and  reaction  zones  as  well  as  growth  of  reaction  zones,  beta 
denuded  zone  and  the  Mo/matrix  interface.  All  or  some  of  these  may  contribute  to 
the  increased  modulus  of  the  vacuum  annealed  composite  compared  to  as- 
fabricated  condition..  Since  the  elastic  modulus  of  unidirectional  composites  is 
primarily  fiber  controlled,  it  is  believed  that  changes  in  the  fiber  would  primarily 
contribute  to  the  increased  modulus.  The  Stage  il  moduli  for  all  composites  tested 
at  815°C  were  lower  than  those  determined  at  RT. 


A  low  dislocation  density  was  developed  in  the  a2  phase  of  composites 
deformed  at  RT  (Figure  8).  The  majority  of  these  dislocations  were  determined  to  be 
of  the  a/3  <1 120>  type.  A  similar  observation  has  been  reported  for  Ti3AI-based 
intermetallics  (12,13).  In  contrast,  a  rather  high  density  of  dislocations  was 
developed  in  the  beta  grains  of  the  matrix.  In  addition,  deformation  twins  were 
observed  in  the  beta  grains.  Deformation  of  composites  at  815°C  led  to  the 
development  of  intersecting  slip  bands  in  the  matrix,  indicating  that  more  than  one 
slip  system  is  active  at  815°C  (Figure  9).  No  dislocations  were  observed  in  the 
reaction  zone. 

The  fracture  surface  at  RT  was  relatively  flat  with  the  matrix  displaying  brittle 
failure  (Figure  10).  On  the  other  hand,  extensive  fiber  pull-out  was  observed  at 
815°C  with  the  matrix  exhibiting  a  ductile  failure  (Figure  11).  The  Mo  wire 
crossweave  was  always  present  on  the  fracture  surfaces  of  all  composites.  The 
Mo/matrix  interface  displayed  a  brittle  failure  at  all  test  temperatures  and  cracks 
were  observed  at  these  interfaces. 

Cracks  were  observed  both  in  the  matrix  and  the  fibers  as  shown  in 
longitudinal  sections  of  the  failed  composites  (Figure12).  At  RT  the  matrix  cracks 
were  found  at  locations  away  from  the  overload  region  while  cracks  in  the  fiber  were 
confined  to  the  overload  region.  The  majority  of  the  matrix  cracks  appeared  to  have 
originated  from  the  reaction  zone.  In  addition,  slip  lines  were  observed  in  beta 
grains  near  the  overload  region.  The  matrix  appeared  to  have  stretched  near  the 
overload  region  of  the  vacuum  annealed  composite  tested  at  815°C  as  shown  in 
Figure  13.  Fewer  cracks  were  observed  in  the  matrix  close  to  the  overload  region 
while  cracks  in  fibers  were  observed  at  locations  away  from  the  overload  region. 
Slip  lines  were  readily  observed  in  both  <*2  and  beta  grains  of  the  matrix.  From 
these  observations  it  may  be  concluded  that  the  matrix  contribution  to  the  strain-to- 
failure  of  the  composite  is  primarily  in  the  form  of  plastic  deformation  at  elevated 
temperature  and  mostly  in  the  form  of  crack  formation  at  RT. 
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Figure  1-  Cross-section  of  unidirectional 
SCS-6/Ti-24AI-1  INb  composite 
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Figure  4-  (a)  Microstructure  of  SCS-6/M0 
reaction  zone,  (b)  SAD  of  (a),  (c)  Mo/ 
matrix  interface,  and  (d)  SAD  of  (c)  in 
vacuum  annealed  composite. 
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Figure  5-  (a)  Amorphous-to-crystalline 
transformation  of  carbon  core  of  SCS-6 
fiber  in  vacuum  annealed  composite  as 
revealed  by  SAD 
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Figure  4 


SAD 

Figure  5-  (b)  SiC  precipitates  in  fiber 
coating  Diffraction  arcs  due  to 
graphite  in  the  SAD  suggest  that 
the  amorphous  carbon  coating  has 
undergone  crystalline  transformation 


Figure  6-  TEM  observation  of 
orthorhombic  phase  in  the  matrix  of 
vacuum  annealed  composite. 

The  SAD  pattern  showing  both 
a2  and  orthorhombic  phase 
[1 120]a2  //l  1 00)o 


Figure  7-  A  typical  stress-strain  curve  of  vacuum  annealed  composite 
deformed  in  tension  at  RT  showing  a  'two-stage*  deformation  behavior 
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Figure  8-  Dislocations  in  the  matrix  o< 
vacuum  annealed  composite  deformed 
in  tension  at  RT  Foil  plane  (2110) 


Figure  9-  Intersecting  slip  bands  in  «2 
phase  of  the  vacuum  annealed 
composite  deformed  in  tension  at  815  C 


Figure  10-  Fracture  surface  of  vacuum  Figure  11-  Fracture  surface  of  vacuum 
annealed  composite  deformed  m  tension  annealed  composite  deformed  in  tension 
atRT  atSlS^C 
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Figure  12-  Longitudinal  section  of 
fractured  vacuum  annealed 
composite  in  tension  at  RT  showing 
cracks  in  matrix  and  fiber 


Figure  13-  Longitudinal  section  of 
fractured  vacuum  annealed 
composite  in  tension  at  815°C 
showing  severe  matrix  deformation 
at  the  overload  region 
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ABSTRACT 

The  deformation  structure  of  a  unidirectional  SiC  (SCS-6)/Ti-24Al-l  INb  (at%) 
composite  tested  in  tension,  fatigue,  and  creep  was  evaluated  by  transmission  electron 
microscopy  (TEM).  Room  temperature  (RT)  tensile  deformation  produced  a  low  dislocation 
density  in  the  matrix  while  deformation  at  815°C  yielded  slip  bands  and  a  high  dislocation 
density.  Fewer  dislocations  were  observed  in  the  matrix  adjacent  to  the  reaction  zone  of 
composites  deformed  at  RT  and  815°C.  Isothermal  fatigue  at  650°C  revealed  slip  bands  in  the 
matrix  and  dislocation  pile-ups  against  the  reaction  zone.  Small  cracks  were  observed  at  triple 
points  and  along  grain  boundaries  inside  the  reaction  zone.  Creep  deformation  at  650°,  760°, 
and  815°C  resulted  in  the  formation  of  slip  bands  in  the  matrix  and  dislocation  pile-ups  against 
the  reaction  zone.  Cracks  were  observed  at  the  intersecting  slip  bands  at  760°C  and  above. 
Voids  were  found  in  the  reaction  zone  as  well  as  in  the  matrix.  In  addition,  voids  were 
observed  in  the  outer  fiber  coating  of  composites  tested  at  815°C  in  air.  At  815°C,  fine 
precipitates  of  unknown  character  were  observed  in  the  matrix  adjacent  to  the  reaction  zone. 

INTRODUCTION 

There  is  an  increasing  demand  for  low  density  materials  possessing  high  strength  and 
stiffness  coupled  with  good  environmental  resistance  at  elevated  temperatures  for  aerospace 
structural  applications.  SiC  (SCS-6)  fiber-reinforced  02-based  titanium  aluminide  composites 
are  undergoing  critical  evaluations  of  various  mechanical  properties  such  as  tensile,  fatigue, 
and  creep  (1-6).  In  these  investigations  the  microstructural  characterization  has  primarily  been 
confined  to  optical  and  scanning  electron  microscopy  (SEM)  levels. 

The  purpose  of  this  paper  is  to  summarize  microstructural  details  of  SCS-6/Ti-24Al- 
1  INb  composite  deformed  in  tension,  isothermal  fatigue,  and  creep  as  revealed  by  TEM.  It  is 
anticipated  that  this  investigation  in  conjunction  with  optical  and  SEM  observations  will  lead  to 
a  better  understanding  of  the  deformation  behavior  and  the  complex  failure  mechanisms 
operating  under  the  various  loading  modes  for  these  composites. 

MATERIAL  AND  PROCEDURES 

The  composite  consists  of  Ti-24Al-llNb  (al%)  matrix  reinforced  with  continuous, 
unidirectional  SCS-6  fibers  with  an  average  volume  fraction  of  0.33.  The  matrix  is  composed 

of  two  phases:  an  ordered  hexagonal  ct2  phase  (DO  19)  and  a  beta  phase.  The  142pm  diameter 
SCS-6  fiber  is  produced  by  chemical  vapor  deposition  onto  a  37pm  carbon  core.  It  contains  a 
double  pass  carbon  coating  (nominally  4  pm  thick)  consisting  primarily  of  amorphous  carbon 
with  a  small  amount  of  silicon  (7).  nmnium  w 
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Composite  plates,  -153  mm  x  165  mm  x  2  mm  (eight  ply),  produced  by  the 
foil/fiber/foil  method  were  used  in  mechanical  behavior  studies  by  Nicholas,  Russ,  Gambone, 
and  Khobaib  (1,4-6).  A  molybdenum  crossweave  material  was  used  to  weave  the  fiber  mats. 
A  cross-section  of  the  composite  is  shown  in  Figure  1.  Mechanical  tests  were  conducted  with 
the  loading  axis  parallel  to  the  fiber  direction.  Specifics  regarding  machining  and  specimen 
geometries  used  for  the  tension,  fatigue  and  creep  studies  were  reported  previously  (5-6, 8-9). 
Selected  tensile  specimens  were  individually  wrapped  in  tantalum  foils,  encapsulated  in  quartz 
tubes  under  a  vacuum  of  -10*5  torr,  and  exposed  to  a  980°C/25  hr  to  investigate  the  effect  of 
thermal  treatment  on  the  tensile  properties  and  resulting  microstructure. 

Tensile  and  fatigue  tests  were  performed  in  air  on  an  MTS  servo-hydraulic  test  station 
equipped  with  radiant  energy  quartz  lamps.  Tensile  tests  were  conducted  at  room  temperature 
and  815°C  (8-9).  Isothermal  fatigue  tests  were  performed  at  650°C  under  load  control  with 
stress  levels  ranged  from  500  to  900  MPa,  and  a  stress  ratio  (R)  of  0.1  utilizing  a  sinusoidal 
wave  at  3  Hz  (1, 5).  Creep  tests  were  conducted  at  650°C,  760°C,  and  815°C  at  various  stress 
levels  in  laboratory  air  and  vacuum  (6). 

TEM  foils  were  prepared  from  the  transverse  sections  of  failed  composites  using  ion¬ 
milling  (10).  TEM  studies  were  conducted  in  a  JEOL  2000FX  transmission  electron 
microscope  equipped  with  a  Tracor  Northern-5550  EDS  system  and  operated  at  200  keV. 


Deformation  Microstructure 

1)  Tensile 

Results  of  tension  tests  on  both  as-received  and  heat  treated  unidirectional  composites 
conducted  at  RT  and  815°C  have  been  reported  by  Das  (8-9).  The  composite  exhibited 
excellent  strength  over  a  broad  temperature  range,  with  ultimate  strengths  approaching  the  rule- 
of-mixture  calculations.  The  strain-to-failure  ranged  from  0.72  to  0.81%  for  all  tests. 

In  the  as-received  composite  the  matrix  microstructure  was  characterized  by  a2  and 
beta  phases.  However,  heat  treatment  at  980°C/25  hr  led  to  the  formation  of  an  orthorhombic 
phase  in  the  matrix  (8-9).  A  similar  observation  was  previously  made  by  Banerjee,  et.  al  (1 1). 
The  dislocation  arrangement  and  distribution  in  the  matrix  were  similar  for  both  as-received  and 
heat  treated  composites  deformed  at  RT.  A  typical  example  is  shown  in  Figure  2  for  the  heat 
treated  composite.  In  general,  a  low  density  of  long  dislocation  lines  with  few  tangles  was 
observed  in  the  a2  phase  away  from  the  reaction  zone  (Figure  2a).  An  application  of  the  g  •  b 
=  0  invisibility  criterion  for  dislocations  (where  b  is  the  Burgers  vector  and  g  is  a  reciprocal 
lattice  vector  normal  to  the  reflecting  planes)  indicated  that  the  Burgers  vector  of  the  majority  of 
these  dislocations  was  of  the  a/3  <1  lJo>  type  (Figure  2b).  Deformation  at  RT  involved  both 
basal  and  prism  planes  with  dislocations  predominantly  arranged  in  a  screw  orientation. 
Similar  observations  have  been  reported  for  Ti3Al  based  intermetallics  (12-13).  A  rather  high 
density  of  dislocations  was  observed  in  the  beta  grains  which  was  expected  as  the  beta  phase  is 
ductile  at  RT.  In  addition,  deformation  twins  were  observed  in  beta  grains.  Fewer 
dislocations  were  found  in  the  02  phase  adjacent  to  the  reaction  zone  (Figure  3).  The  majority 
of  these  dislocations  were  found  to  lie  on  { 10T0)  planes  and  were  in  a  screw  orientation 
having  the  a/3  <1  l2o>  Burgers  vector. 

A  distinctly  different  dislocation  structure  was  developed  in  the  matrix  for  as-received 
and  heat  treated  composites  deformed  at  8 1 5°C.  The  dislocations  were  arranged  in  intense  slip 
bands  intersecting  with  each  other,  indicating  that  more  than  one  slip  system  was  active  at 
815°C  (Figure  4).  The  dislocation  density  in  the  02  matrix  adjacent  to  the  reaction  zone  was 
rather  low.  Also,  no  dislocations  were  observed  in  the  reaction  zone. 

2)  Isothermal  Fatigue 

Results  of  isothermal  fatigue  tests  on  as-received  composite  at  650°C  study  were 
presented  elsewhere  (1).  Fractography  studies  indicated  that  cracks  in  the  matrix  initiated  at 
edges  of  the  specimens  and  propagated  further  into  the  specimen  leading  to  failure.  The  matrix 
exhibited  brittle  fracture  in  the  crack  growth  region  and  ductile  dimpling  in  the  overload  region 
accompanied  by  fiber  pull-out  (1).  It  appeared  that  the  matrix  was  embrittled  by  the  test 
environment  which  may  have  led  to  crack  initiation  at  edge  locations. 

Thin  foils  of  the  specimen  failed  after  18,777  cycles  and  a  cumulative  strain  of  0.60  % 
at  a  maximum  stress  of  850  MPa  were  examined  by  TEM.  Dislocations  were  arranged  in  slip 
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bands  in  a2  phase  away  from  the  reaction  zone,  similar  to  the  observation  in  tension  at  815°C. 
However,  the  dislocation  structure  developed  in  the  matrix  adjacent  to  the  reaction  zone  was 
significantly  different.  A  high  density  of  dislocations  was  found  to  pile-up  against  the  reaction 
zone  as  shown  in  Figure  5.  Both  planar  slip  and  tangled  dislocations  were  observed  together 
with  dislocation  loops.  Fine  voids  were  present  in  the  reaction  zone  which  was  free  of 
dislocations  (Figure  6).  Additionally,  small  cracks  were  observed  at  triple  points  as  well  as 
along  the  grain  boundaries  of  the  reaction  zone  constituents  as  shown  in  Figure  7.  Apparently, 
the  cracks  were  developed  as  a  result  of  stress  concentration  due  to  dislocation  pile-ups  against 
the  reaction  zone  by  a  mechanism  proposed  by  Stroh  (14).  A  small  volume  fraction  of 
orthorhombic  phase  was  also  observed  in  the  matrix  resulting  from  extended  high  temperature 
exposure  under  load  (Figure  8). 

(3)  Creep 

The  creep  behavior  of  as-received  SCS-6/Ti-24Al-l  INb  under  a  constant  stress  of  345 
MPa  at  temperatures  of  650°C,  760°C,  and  815°C  in  air  was  presented  elsewhere  (6). 
Fractographic  analysis  of  the  failed  specimen  revealed  that  in  most  cases  cracks  occurred  at 
multiple  sites.  These  cracks  apparently  initiated  at  surface  flaws  resulting  from  either  a  cut 
fiber,  embrittled  matrix,  molybdenum  crossweave  wire  exposed  at  the  edge,  or  some  other 
surface  defects.  However,  during  the  creep  process  the  linkage  of  cracks  resulted  in  a  single 
dominant  crack  which  eventually  led  to  the  final  failure  of  the  specimen.  It  was  concluded  that 
stress-assisted  environmental  degradation  played  an  important  role  in  the  failure  of  these 
composites  (6). 

Slip  bands  in  the  matrix  and  dislocation  pile-ups  against  the  reaction  zone  were 
observed  for  specimens  deformed  in  creep  at  all  temperatures.  However,  with  increasing 
deformation  temperature  the  planarity  of  slip  in  the  matrix  was  found  to  decrease,  and  the 
formation  of  dislocation  tangles  increased  along  with  the  formation  of  jogs  and  loops.  An 
increased  presence  of  dislocations  with  non-basal  slip  vectors  was  also  noted.  Cracks  were 
observed  at  the  intersection  of  slip  bands  at  760°C  and  above  as  shown  in  Figure  9.  The 
formation  of  cracks  is  believed  to  be  the  result  of  stress-concentrations  at  the  slip  band 
intersections  and  can  be  explained  by  a  mechanism  proposed  by  Cottrell  (15).  At  all  test 
temperatures  the  orthorhombic  phase  was  observed  in  the  matrix,  similar  to  that  reported  for 
the  isothermal  fatigue  specimen.  Creep  induced  void  formation  in  the  matrix  was  observed 
only  in  the  specimen  tested  at  815°C  as  shown  in  Figure  10.  Also  evidenced  in  the  micrograph 
are  the  dislocation  pile-ups  against  the  reaction  zone.  In  addition,  precipitates  of  unidentified 
nature  were  observed  at  the  a2  grain  boundaries  of  the  matrix  in  the  vicinity  of  the  reaction 
zone  as  shown  in  Figure  11.  The  EDS  analysis  revealed  the  presence  of  Ti,  AJ,  and  Nb  and 
an  absence  of  silicon  in  these  precipitates.  This  leads  us  to  believe  that  the  precipitate  is  a 
complex  carbide  of  Ti-AI-Nb  as  the  detection  of  carbon  is  beyond  the  limits  of  the  detector  used 
in  the  spectrometer.  Since  these  precipitates  are  only  found  near  the  reaction  zone,  it  can  be 
speculated  that  carbon  from  the  outer  fiber  coating,  under  the  influence  of  temperature  and 
stress,  diffuses  into  the  matrix  over  time  resulting  in  the  formation  of  these  precipitates.  Voids 
were  also  observed  in  the  reaction  zone  at  all  temperatures  as  shown  in  Figure  12.  However, 
no  dislocations  were  found  in  the  reaction  zone,  At  815°C,  voids  and  fine  precipitates  were 
also  observed  in  the  outer  fiber  coating.  Figure  13.  A  similar  observation  of  voids  has 
previously  been  reported  by  Das  and  Vahldiek  (16).  They  speculated  that  oxygen  may  be 
diffusing  to  the  region  of  the  outer  fiber  coating  and  reacting  with  the  carbon  to  form  CO  and/or 
CO2.  thus  creating  these  voids.  Fine  precipitates  in  the  outer  fiber  coating  have  previously 
been  identified  as  SiC.  Moreover,  the  outer  amorphous  carbon  coaling  was  determined  to  have 
undergone  graphitization.  Such  graphitization  of  the  amorphous  carbon  coating  and  SiC 
precipitate  formation  within  the  coating  of  SCS-6  fiber  have  been  reported  (17). 


It  was  noted  that  for  the  composites  tested  in  tension  at  RT,  the  deformation  structure  of 
the  matrix  away  from  the  reaction  zone  was  characterized  by  a  low  dislocation  density  with  few 
dislocation  tangles,  while  that  of  the  matrix  adjacent  to  the  reaction  zone  was  characterized  by 
an  even  lower  dislocation  density.  On  the  other  hand,  deformation  in  tension  at  elevated 
temperatures  led  to  the  formation  of  intersecting  slip  bands  in  the  matrix  suggesting  that  more 
than  one  slip  system  participated  in  the  deformation  process.  However,  few  dislocations  were 
observed  in  the  region  of  the  matrix  adjacent  to  the  reaction  zone.  This  is  in  contradiction  to  the 


model  on  microscopic  deformation  and  fracture  mechanisms  of  ductile  matrix/elastic  fiber 
composites  proposed  by  Pertsev  et.  al  (18). 

The  dislocation  substructures  in  the  matrix  away  from  the  reaction  zone  in  composites 
deformed  in  tension,  isothermal  fatigue  and  creep  at  elevated  temperature  were  similar  in  that 
dislocations  were  predominantly  arranged  in  intense  slip  bands.  However,  in  contrast  to  the 
elevated  temperature  tension  tests,  a  high  density  of  dislocations  was  observed  to  pile-up  in  the 
matrix  around  the  reaction  zone  in  both  isothermal  fatigue  and  creep  samples.  Apparently  the 
reaction  zone  was  serving  as  a  barrier  to  dislocation  motion.  The  formation  of  dislocation  pile- 
ups  in  the  matrix  around  the  reaction  zone  is  in  accordance  with  the  models  for  a  coherent 
fiber/matrix  interface  proposed  by  Stohr  and  Valle  (19)  and  Goto  and  McLean  (20).  In  the 
case  of  isothermal  fatigue,  very  small  cracks  were  observed  in  the  reaction  zone.  This  may  be 
attributed  to  the  stress  concentration  due  to  dislocation  pile-ups  against  the  reaction  zone.  In 
contrast,  no  cracks  were  observed  in  the  reaction  zone  of  composites  deformed  in  creep,  but 
voids  were  identified  at  the  triple  points  as  well  as  along  grain  boundaries,  a  characteristic  of 
the  creep  deformation.  This  may  also  suggest  that  load  shedding  from  the  matrix  to  the 
reaction  zone  has  indeed  taken  place.  Cracks  were  also  observed  at  the  intersecting  slip  bands 
in  the  matrix  of  crept  samples.  The  roles  of  internal  cracks,  as  observed  in  the  reaction  zone  of 
the  isothermal  fatigue  samples  and  at  the  intersecting  slip  bands  of  creep  samples,  and  other 
microstruciural  features  to  the  failure  of  these  composites  cannot  be  fully  established  for  the 
following  reason.  The  test  specimens  used  for  mechanical  property  evaluations  in  this  study 
had  two  edges  where  fiber,  matrix,  reaction  zone,  and  molybdenum  crossweave  were  directly 
exposed  to  the  test  environment.  It  has  been  established  that  cracks,  originating  from  areas 
acting  as  stress  raisers  at  the  edges,  led  to  failure  of  these  composites  (5-6).  Thus,  unless  these 
stress  raisers  are  removed,  the  deformation  occurring  in  the  various  composite  constituents 
cannot  adequately  explain  the  overall  failure  process  of  the  composite,  but  merely  highlights 
potential  problem  areas  and  arenas  for  eventual  engineering  improvements  in  these  composites. 
Also,  it  has  been  established  that  environment  played  a  significant  role  in  the  failure  process, 
especially  in  fatigue  and  creep  where  the  composite  was  subjected  to  loads  at  temperature  for 
extended  periods  of  lime  (5-6).  Although  testing  in  a  vacuum  can  eliminate  the  environmental 
effects,  removal  of  edge  effects  is  more  difficult.  In  spite  of  these  difficulties,  the  deformation 
microstructure  of  various  constituents  of  the  composites  as  determined  by  the  present  TEM 
studies  offers  a  better  understanding  of  the  deformation  behavior  and  the  complex  failure 
mechanisms  operating  under  the  various  loading  modes  for  these  composites. 
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Figure  1.  A  typical  cross-section  of  a)  dislocations  are  in  contrast  for  g  =  01  fO 

unidirectional.  8-ply,  SCS-6/Ti-24Al- 1 1  Nb  and  b)  out  of  contrast  for  g  *  0002. 
composite  showing  Mo  wire  cross-weave.  Foil  plane  (2ll0). 


Figure  2  (b) 


Figure  *  Dislocation  structure  in  the 
matrix  adiaccnt  to  the  reaction  /one  of 
heat  treated  specimen  tested  in  tensile  at  RT 


Figure  5  Dislocation  pile  up  against  the 
reac  tion  /one  in  fatigue  specimen  tested 
in  air  at  650X7  X50  MPa  to  acumulaUve 
strain  of  0.6*Jf 


Figure  4  Intersecting  { 1010)  slip  hands 
in  <i2  matrix  of  composite  tested  in  tension 
at  XI 5  C  Foil  oneniaUon  basal 
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Figure  6.  Observation  of  voids  in  the 
reaction  /one  of  the  fatigue  specimen. 


Figure  7.  Crack  formation  at  the  triple 
point  of  reaction  /one  products  of  the  fatigue 
specimen  tested  in  air  at  650°C/  X50  MPa  to 
a  cumulative  strain  of  O.h'Jf. 


Figure  X  Observation  of  stress  induced 
orthorhombic  phase"  in  the  matrix  of  the 
isothermal  faugue  specimen  tested  at  b.V)°C. 


Figure  9.  ( Ibserv  aiion  of  a  crack  at  the 
intersection  of  slip  bands  in  the  02  grain 
away  from  the  reacuon  /one  of  the  creep 
sample  tested  in  vacuum  at  XI5°C/^45  MPa. 
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Figure  10.  Dislocations  in  the  matrix 
adjacent  to  the  reaction  /one  of  the  creep 
sample  tested  in  air  at  KI5°C/345  MPa. 
Voids  are  observed  in  the  matrix 


Figure  1 1.  Precipitates  at  the  <*2  grain 
boundaries  adjacent  to  the  reacuon  zone 
of  the  creep  specimen  tested  in  air 
at  X15°CA45  MPa 


Figure  12.  Voids  at  triple  points  and 
along  grain  boundaries  of  reacuon  /one 
products  in  the  creep  specimen  tested  in 
air  atX15°C/34!S  MPa 


Figure  13.  Voids  and  SiC  precipitates 
in  the  outer  coaung  of  the  SCS-6  fiber 
for  the  composite  tested  in  creep  in  air 
at  X15°C/345  MPa 
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Department  of  Materials,  University  of  Oxford, 
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Abstract 

The  present  paper  investigates  continuous  fibre-reinforced  composites  using  TiB2/C 
coated  SiC  monofilaments  as  the  reinforcement,  and  Ti6A14V  as  the  matrix.  A  diffusion  bonding 
technique  is  employed  to  fabricate  the  composites  by  consolidating  fibre-mat  and  matrix  foil  lay¬ 
ups.  The  process  is  analysed  through  the  variation  of  the  quarter  contact  angle  between  the  fibre 
and  the  matrix.  Effects  of  fabrication  conditions  on  the  microstructure  of  the  resulting 
composites,  including  the  matrix  morphology  and  fibre/matrix  interfaces,  are  examined. 
Reactions  at  the  fibre/matrix  interfaces  have  been  found  to  produce  TiB  needles,  thick  TiC  layer, 
and  a  mixture  of  TiC/Ti5Si3  particles,  depending  on  the  stages  of  the  reaction  involved. 
Interfacial  bonding  strength  has  been  evaluated  and  correlated  with  the  microstructure  of  the 
fabricated  materials.  The  strength  varies  strongly  with  both  bonding  temperature  and  holding 
time.  The  results  are  discussed  for  further  optimisation  of  processing  conditions  and  interface 
properties. 


Introduction 

Ti-based/SiC  composites  are  strong  contenders  for  future  air-frame  and  engine 
components.  Various  types  of  Ti  alloys  have  been  investigated  as  a  potential  matrix,  e.g.  (a+0) 
alloys  [1,2],  metastable  0  alloys  [3,4],  and  Ti  aluminides  [5,6].  The  fibres  available  for 
reinforcing  titanium  alloys  are  the  SCS-6  SiC  from  Textron  and  the  Sigma  SiC  from  B.P.  A 
number  of  papers  have  been  devoted  to  the  interface  problems  or  mechanical  properties  of  the 
SCS-6  SiC  fibre  reinforced  Ti  matrices,  e.g.  refs.[l-3,7-l  1].  However,  the  fabrication  process 
has  not  yet  been  examined  in  detail.  There  is  also  a  lack  of  systematic  investigation  on  the 
processing,  microstructure,  and  property  relationships  of  the  materials,  particularly  on  the 
composite  system  involving  the  TiByC  coated  SiC  fibres. 

The  fabrication  of  Ti-based  composites  is  confined  to  solid-state  diffusion  bonding 
routes,  due  to  the  restrictions  of  the  extreme  reactivity  of  titanium  and  the  stability  of  the 
reinforcement  at  high  temperature.  These  include  Hot-Pressing,  HI  Ping  (Hot  Isostatic  Pressing), 
and  VPS(Vacuum  Plasma  Spraying)  or  other  types  of  matrix  deposition  techniques  combined 
with  the  former  two  processes  [12-14].  The  consolidation  is  associated  with  the  diffusion, 
creep,  and  (super)plastic  flow  of  the  matrix.  The  establishment  of  the  matrix/fibre  interface 
bonding  involves  charge  transport,  inter-diffusion,  and  mass  transport  [15].  Chemical  reactions 
often  take  place  concurrently  between  the  matrix  and  the  reinforcement,  leading  to  the  formation 
of  new  phases.  Extensive  interfacial  reactions  give  rise  to:  1)  thick  brittle  reaction  products, 
acting  as  a  circumferential  flaw  on  the  fibre;  2)  roughening  the  fibre  surfaces,  degrading  the  fibre 
intrinsic  strength  by  forming  easy  stress  concentrations;  and  3)  enhancing  interfacial  cracking 
and  debonding  [11],  It  is,  therefore,  important  to  understand  the  relationships  of  processing, 
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microstructure,  and  interface  properties,  for  the  design  of  adequate  composite  processing 
conditions.  The  model  Ti6A14V/SiC  composite  system  is  employed  here  for  such  investigation. 

Materials  and  Methods 


The  composites  were  consolidated  by  diffusion  bonding  in  a  vacuum  hot  press.  The 
procedure  is  schematically  illustrated  in  Fig.l.  The  matrix  foil  is  85  pm  in  thickness;  and  the  SiC 
fibre  is  100  pm  in  diameter  (supplied  by  B.  P.  Composites  Ltd  with  a  TiBj  and  C  double-layer 
protective  coating;  the  diameter  of  the  fibre  is  used  as  a  scale  marker  in  following  micrographs). 
First,  the  foils  were  ultrasonically  cleaned.  The  fibres  were  wound  into  a  mat  with  a  spacing  of 
400  or  200  pm,  respectively,  and  bound  using  a  fugitive  binder.  These  mats  were 
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Fig.  1  Schematic  of  the  composite  Fig.  3.  Geometry  of  lap-shear  specimens. 

fabrication  process. 

unidirectionally  stacked  between  the  cleaned  foils.  Such  a  foil/fibre  assembly  was  then  subjected 
to  hot-pressing  in  vacuum  at  870  °C  and  970  °C  under  pressures  of  10  -  40  MPa.  The 
pressurisation  procedure  is  illustrated  in  Fig.2,  a  short  period  dwell  at  500  °C  under  a  small 
pressure  was  carried  out  to  drive  off  the  fibre  binder.  The  resulting  composites  have  a  fibre 
volume  fraction  of  18.8  %  and  31.6  %,  respectively  for  the  two  fibre-spacings  used.  Selected 
samples  were  heat-treated  at  temperature  in  a  vacuum  of  10'5  - 10-6  Tore  for  various  periods  of 
time,  to  evaluate  the  stability  of  the  coating. 

Specimens  for  optical  and  SEM  examinations  were  lapped  flat  using  liquid  diamond 
slurry,  down  to  0.25  pm,  with  a  light  final  polish  to  remove  fine  scratches.  The  cross-section 
used  is  perpendicular  to  the  fibre  axis  direction.  TEM  samples  were  dimpled  and  Ion-milled  to 
transparency. 

A  lap-shear  method  was  emp'oyed  to  evaluate  the  interface  strength  between  the  fibre  and 
the  matrix  after  bonding  at  30  MPa  for  30  minutes.  The  specimens  were  produced  by  bonding 
one  layer  of  fibre-mat  between  two  Ti6A14V  plates,  and  the  dimensions  are  illustrated  in  Fig.3. 
A  double-lap  specimen  geometry  was  used  to  minimise  bending  effects  during  testing,  as 
specimen  bending  may  bias  the  shear  results.  The  fibre/matrix  shear  strength ,  tf,  is  calculated  by 
the  following  equation, 


I  )  +  )> 


where  a  is  the  fibre  spacing,  d  the  diameter  of  the  fibre,  x  the  average  shear  strength,  and  tm  the 
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shear  strength  of  the  maoix/matrix  bond.  The  latter  was  evaluated  by  lap-shearing  testing  the 
matrix/matrix  bonds  produced  using  the  same  conditions  as  for  the  matrix/fibre-mat  bonds. 
was  482  MPa  and  51 1  MPa,  for  the  bonds  obtained  from  870  °C  and  970  °C,  respectively. 

Results  and  Discussion 


PlPCCMUlg 

Solid-state  consolidation  is  achieved  by 
the  deformation  of  the  matrix  material  to 
eliminate  the  cavities  within  the  matrix/fibre 
assembly  This  is  usually  carried  out  at  elevated 
temperature  under  pressure.  The  process  may 
be  divided  into  a  few  stages,  as  illustrated  in 
Fig  4.  First,  it  involves  the  indentation  of  the 
fibre  into  the  matrix  once  pressure  is  applied. 
Fig. 4  (a),  due  to  the  instantaneous  matrix 
plastic  flow  underneath  the  fibre  surface.  This 
is  followed  by  matnx/matnx  bridging  between 
the  fibres  by  continuing  matrix  creep  and/or 
plastic  flow,  producing  two  main  voids  on  both 
sides  of  a  fibre,  and  a  series  of  small  cavities  at 
the  matnx/matnx  interface  due  to  matnx  surface 
undulation.  Fig. 4(b).  Further  pressurisation  at 
temperature  assists  the  removal  of  the  small 
cavities  and  the  reduction  of  the  main  voids. 
Fig. 4(c).  through  both  creep  flow  and 
diffusional  mass  transport  at  the  fine  matrix 
grain  boundaries  and  interfaces.  Full 
consolidation  is  achieved  when  the  main  voids 
are  eliminated,  Fig.4(d).  An  example  of  a  fully 
consolidated  six-ply  composite  is  presented  in 
Fig  5. 

To  illustrate  the  degree  of  consolidation 
dunng  processing,  it  is  convenient  to  employ 
the  quarter  contact  angle,  «.  as  a  variable  with 
0<  $  <k/2  illustrated  in  Fig.6.  The  variation 
of  the  quarter  contact  angle  is  illustrated  in 
Fig.7  as  a  function  of  bonding  time  and 
applied  pressure  Here  the  experimental  results 
are  given  as  points.  The  curves  are  theoretical 
predictions  of  an  analytical  model,  based  on 
the  constitutive  plastic  yielding  and  power-law 
creep  functions  of  the  matrix  material,  and 
formulated  in  relation  to  the  various  stages  of 
consolidation  discussed  above.  Details  of  the 
model  are  presented  elsewhere  [16|.  The 
predicted  consolidation  behaviour  generally 
leads  to  an  ”S"  curved  variation  of  the  contact 
angle  with  time,  with  an  initial  time- 
independent  contact  due  to  instantaneous  fibre 
indentation.  The  rapid  increase  in  contact  angle 
in  the  middle  stages  corresponds  to  the 
matrix-flow  process  before  matrix-bridging. 
The  rate-controlling  process  appears  to  be  the 
final  reduction  of  the  two  main  voids  adjacent 
to  each  fibre,  involving  both  creep  flow  and 
diffusional  mechanisms.  A  higher  pressure 
and  /  or  temperature  can  readily 


Fig.  4.  Various  stages  of  the  consolidation 
process. 


Fig.  5.  Structure  of  a  well- bonded  SiC 
fibre/  Ti6AI4V  composite. 
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decrease  the  total  time  required  for  full  consolidation,  as  shown  in  Fig. 7.  However,  an 
excessive  uniaxial  pressure  may  cause  fibre  damage  [9].  A  higher  temperature  facilitates  creep 
and  diffusion  for  void  removal  [161,  but  will  also  enhance  any  undesirable  interfacial  reactions 
and/or  leads  to  unfavourable  matrix  microstmcture  [1,21.  which  is  discussed  in  the  next  section. 
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Fig  6  Illustration  of  a  quarter 
contact  angle.  * 


Microstructure 

Ti6A14V  experiences  an  (a-*-P)/0 
transformation  at  about  995  °C.  Bonding 
at  a  temperature  below  and  above  the 
transus  leads  to  two  different  type  of 
matrix  structures  after  furnace  cooling,  as 
noted  in  Fig. 8:  (a)  equiaxed  (a  +  0) 
structure  from  870  °C  and  (b)  lamellar 
transformed-0  structure  from  1070  °C. 
The  former  structure  possesses  good 
ductility  and  strength,  whereas  the  latter  is 
characterised  by  good  creep  resistance  and 
toughness,  but  with  poor  ductility  and 
low-cycle  fatigue  properties.  The 
equiaxed  structure  is  normally  favoured 
for  its  ductility  and  relatively  low  interface 
reactivity.  Therefore,  composite 
processing  should  be  conducted  below 
the  0  transus  temperature 


Fig.7.  Variation  of  the  quarter  contact  angle  vs. 
bonding  time  at  different  pressures 


<b)  870  C 


Fig.8.  Matrix  microstructure  from  different 
temperatures. 


Fibre/matrix  interfaces  play  an  important  role  in  composite  properties.  The  micro  structure 
at  the  interface  need  to  be  well  understood.  Fibre/matrix  bonding  is  achieved  by  charge 
transport,  diffusion,  and  mass  transport  at  the  interface  [15].  However,  due  to  the  non- 
equilibrium  nature  of  the  system,  interfacial  chemical  reaction  appears  to  be  inevitable  at  the 
consolidation  temperatures  Various  methods  of  altering  the  interface  reaction  kinetics  have 
been  investigated  in  the  past.  The  most  successful  one  is  the  barrier  coating  of  stable 
layerfs)  on  fibre  surface,  e  g.  by  CVD  (Chemical  Vapour  Deposition).  The  T1B2/C  coating  is 
used  for  such  purpose  for  the  fibres  employed  here  [  17). 


Fig. 9  shows  the  interface  microstnjctures  of  the  coated  fibres  after  two  stages  of  reaction 
at  970  °C  for  (a)  2  and  (b)  30  hours,  respectively.  The  TiBj  coating  is  noted  to  be  unstable  and 
readily  reacts  with  the  matrix,  forming  acicular  needles.  Fig. 9(a),  which  are  identified  as  TiB 
phases  by  diffraction  analyses  J18|  There  is  no  distinct  boundary  between  the  needles  and  the 
onginal  coating  and  a  mixed  TiBi/TiB  sub-layer  is  often  noted  In  the  meantime.  TiC  panicles 
are  also  introduced  in  the  TiBs/C  interface.  Once  the  coating  is  consumed,  the  reaction  between 
the  SiC  and  the  matrix  elements  produces  a  mixture  of  titanium  carbides  and  silicides.  Fig. 9(b). 
Similar  results  have  been  observed  previously  on  the  SiCTTi  interaction  |7).  These  reaction 
products  can  readily  develop  into  large  particles,  and  may  separate  into  alternating  sub-layers  as 
the  reaction  continues  1 1 ). 

A  TEM  micrograph  with  inserted  SAD  (Selected  Area  DefTraction)  patterns  is  given  in 
Fig.  10.  to  illustrate  the  morphologies  of  the  fibre,  the  C-coating.  the  reaction  product  TiC,  and 
their  interfaces  It  was  obtained  from  the  same  specimen  as  Fig.9(a)  The  fibre  is  of  the  (k-  SiC 
type  and  consists  of  very  fine  crystals.  The  C-coating  seems  to  be  in  the  form  of  the  Turbostrauc 
Carbon  Its  diffraction  pattern  is  very 
similar  to  the  structure  of  the  TC 
coating  for  the  core  of  the  SCS-6 
fibre  |I9|  This  type  of  carbon  is 
characterised  by  even  weaker  van  de 
Waals  bonding  between  the  basal 
planes  than  graphite  |IV|  The  inter 
diffusion  at  the  SiC  and  C  interface 
produces  a  thin  interlayer,  consisting 
of  both  of  the  constituent  phases,  as 
noted  from  the  composite  diffraction 
pattern  at  the  interface  The  reaction  at 
the  C/TiB;  interface  forms  large  grains 
of  TiC.  which  results  in  a  non- 
uniform  consumption  of  the  C- 
coating.  Fig  10 

The  average  thickness 
variation  of  the  interfacial  layers  is 
resented  in  Fig  1 1.  as  a  function  of 
olding  time,  t.  at  H70  and  970  °C. 
respectively  There  is  an  initial 
increase  in  the  TiBs/TiB  layer,  due  to 


(a)  (b) 

Fig. 9  Interface  microstnictures  showing  the 
reactions  at  two  different  stages 


the  inter-diffusion  of  B  and  Ti 
elements  After  the  disintegration  of 
the  original  TiBj  coating,  this  layer 
gradually  decreases  upon  further 
holding,  possibly  because  of  the 
diffusion  of  B  elements  into  (he 
matrix  The  C-coating  does  not  show 
any  obvious  variation  until  the  TiBj 
coating  is  fully  disintegrated  Then 
the  reaction  is  accompanied  by  the 
linear  decrease  of  C-coating  and  the 
corresponding  linear  increase  of  TiC 
as  a  function  of  tl/2.  indicating 
diffusion-controlled  reaction  kinetics. 
At  the  higher  temperature,  it  is  seen 
that  the  C-coating  is  completely 
consumed  after  about  S  hours  hold 
This  is  followed  by  the  increase  of  the 
SiC  and  Ti  reaction  products  with  t*fl, 
in  the  form  of  TiC/Ti  jSi  v  During  this 
period,  the  TiC  layer  shows  a  slight 
increase  with  time,  as  a  result  of 
growth  after  consuming  the  small  TiC 


Fig.  10.  Morphologies  of  SiC.  C.  TiC  and 
their  interfaces  under  TEM 
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panicles  in  the  subsequent  reaction 
products.  Although  the  TiB2/C 
coating  is  not  as  stable  as  expected,  it 
has  effectively  produced  a  time-lag 
between  the  reaction  of  the  matrix  and 
the  SiC  fibre  itself,  particularly  at  the 
lower  temperature. 


a  i#  i«  )•  «•  st 

The  interface  shear  strength  of  Tl“*' 

the  coated  fibre  and  the  matrix  is 
presented  in  Fig.  12  as  a  function 

of  (a) 

total  holding  time  at  870  and  970 

°C,  respectively  (which  includes  the  t  .  .  . 

time  for  bonding  the  samples,  30  .  s£  mWi.-ti.amv /  (b) 

minutes,  in  these  cases).  Each  of  the  ■  c«tiii»Titfckiim(Mi»:  Ttan.tjC:  ij  X 

data  points  is  calculated  from  an  *  4  1  m  yr  ticti  %  ny 

average  of  3  to  6  measurements.  It  is  I  j  /\  —  . 

noted  that  the  initial  bonding  j  j  -  1 ,  r. \ W  . 

strengths  are  relatively  low  in  both  j|  7^— s./  4  '  *~ 

cases,  which  may  be  for  two  1  **  TIB, /T» 

possible  reasons:  (i)  The  matrix/fibie  ** - *  — - - - - - - - 

bonding  has  not  been  fully  achieved  *  ’*  2*  .  |,J*  ** 

after  the  short  period  of  holding,  as 

time  is  required  for  the  removal  of  (b) 

possible  surface  oxides  or 
contaminations  and  for  inter- 

diffusion  and  mass  transport  even  Fig.l  I.  Thickness  of  the  interlayers  vs.  time  at: 

after  full  intimate  contact  between  the  (a)  870  °C;  (b)  970  °C. 

matrix  and  the  fibre  has  occurred;  and 

(ii)  The  bonding  at  the  C/SiC 

interface  is  of  the  relatively  weak  van 

de  Waals  type  and  can  be  readily  £ 

broken,  particularly  with  the  C-  * 

coating  being  the  turbostratic  4 

structure  as  discussed  earlier. 

Analyses  on  the  fibre/matrix  fracture  ft 

surfaces  shown  that  fully  bonded  jj 

interfaces  were  only  achieved  by 
holding  samples  for  a  short  period  of 
time  at  the  bonding  temperature  after 
the  consolidation  was  completed 
[20].  This  observation  agrees  with 

the  reason  (i)  proposed  above.  Fig.12.  Fibre/matrix  interfacial  shear  strength 

The  strength  increases  with  after  various  periods  of  heat  treatment 

holding  time  up  to  a  maximum  value 
as  the  complete  matrix/fibre  bonding 
is  progressively  established,  Fig.12. 

The  inter-diffusion  at  the  weak  interface,  shown  in  Fig.  10,  can  also  increase  the  bond  strengths 
therein.  The  strengths  decrease  after  about  2  hours  of  holding,  which  corresponds  to  the  start  of 
the  consumption  of  the  C-coating,  comparing  Fig.  12  with  Fig.l  1.  A  larger  drop  is  noted  for  the 
higher  temperature  bonds  due  to  a  more  rapid  increase  of  the  brittle,  irregular  TiC  interlayer, 
which  enhances  debonding. 

It  is  also  clear  in  Fig.  1 2  that  the  strength  of  the  higher  temperature  bonds  is  greater  than 
that  of  the  lower  temperature  bonds  in  the  early  stages  of  holding,  but  becomes  lower  in  the 
later  stages.  This  may  be  explained  as  follows.  In  the  early  stages:  (l)  the  higher  temperature 
leads  to  stronger  bonding,  particularly  at  the  weak  interfaces  around  C-coating,  as  a  result  of  a 

W I 
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Fig.l  1.  Thickness  of  the  interlayers  vs.  time  at: 
(a)  870  °C;  (b)  970  °C. 


Fig.12.  Fibre/matrix  interfacial  shear  strength 
after  various  periods  of  heat  treatment 


greater  range  of  inter-diffusion;  (2)  possible  impurities  on  the  original  matrix  and  fibre  surfaces 
are  more  easily  and  extensively  dissolved  at  the  higher  temperature  to  enhance  matrix/fibre 
bonding;  (3)  cooling  from  the  higher  temperature  gives  rise  to  larger  residual  stresses  gripping 
the  matrix/fibre  interface  area,  due  to  greater  differences  in  thermal  expansion  and  a  greater  level 
of  matrix  phase  transformation  (bcc  p  to  hep.  a,  which  also  results  in  matrix  volume  shrinkage). 
These  influences  are  eventually  counter-balanced  by  the  deleterious  effect  of  the  continuing 
growth  of  the  brittle  reaction  layers  at  the  higher  temperature,  leading  to  a  greater  reduced 
strength  in  the  later  stages. 


Summary 

The  consolidation  process  for  producing  continuous  fibre  reinforced  titanium  matrix 
composites  has  been  examined.  Among  the  various  stages  discussed,  the  closure  of  the  final 
voids  around  each  fibre  is  the  rate-controlling  stage,  which  involves  the  contribution  of  both 
matrix  creep  and  diffusional  mass  transport  from  boundaries  and  interfaces  to  the  void  area.  The 
processing  parameters,  such  as  temperature,  pressure  and  time,  should  be  optimised  so  that  a 
sound  matrix/fibre  bonding  can  be  established  before  a  large  scale  of  interfacial  reaction  is 
introduced  and  without  requiring  too  large  an  initial  matrix/fibre  contact  pressure. 

For  the  present  composite  system  with  a  fibre  volume  fraction  of  31.6%  ,  full 
consolidation  can  be  achieved  after  0.5  to  1  hour  at  temperatures,  870  and  970  °C,  under  a 
pressure  no  less  than  20  MPa.  A  short  period  of  high  temperature  holding  after  full 
consolidation  seems  to  be  necessary  to  obtain  a  good  bond  strength,  which  should  not  result  in 
the  consumption  of  the  C-coating.  The  protective  TiBj  coating  readily  reacts  with  matrix  at  both 
of  the  temperatures  studied,  and,  therefore,  is  not  stable.  However,  it  can  produce  a  time-lag 
before  the  matrix/SiC  fibre  reaction  takes  place.  This  effect  is  greater  at  the  lower  temperature. 

Both  bonding  temperature  and  interface  reaction  greatly  influence  the  interfacial  bonding 
strength  of  the  composite.  At  a  given  holding  time,  the  higher  temperature  yields  a  greater 
strength  when  the  level  of  reaction  is  limited,  while  the  situation  is  reversed  after  an  extensive 
amount  of  reaction  at  the  higher  temperature,  in  both  cases,  the  strength  decreases  with  the 
increase  of  the  reaction  layer  thickness,  involving  TiC  and/or  TiC/TisSij. 
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Abstract 

SiC  ceramic  particles  of  6  pm  size,  and  ranging  in  volume  fraction  from 
5  to  20%,  have  been  incorporated  into  the  surface  of  commercial  purity 
titanium  sheet  by  laser  treatment  and  the  microstructures  and 
hardnesses  produced  by  different  processing  parameters  investigated. 
Phase  identification  showed  the  presence  of  TiC,  Ti5Si3  and  Ti,  but 
there  was  no  clear  evidence  for  residual  SiC.  Metallographic 
examination  showed  that  the  TiC  was  present  as  globular  particles 
ranging  from  5nm  to  2pm  in  size.  Residual  stresses  were  tensile  along, 
and  compressive  across,  the  laser  trails  which,  typically,  had  an 
outside  layer  100|im  deep  with  hardness  (H.)  values  in  the  range  1000- 
1400  H»,  followed  by  a  plateau  of  hardness  between  450  and  550  Hv 
extending  to  about  500pm  depth.  The  base  metal  hardness  was  -150  H„. 
These  large  increases  in  hardness  are  attributed  to  the  TiC  produced 
during  the  glazing. 


Introduction 

The  incorporation  of  ceramic  particles  into  the  surface  of  titanium  by 
laser  processing  is  an  attractive  means  of  modifying,  in  a  controlled 
manner,  the  surface  structure  in  specific  areas,  resulting  in,  for 
instance,  improved  wear  and  oxidation  resistance. 

Ayers  and  co-workers  [1-3]  injected  hard  particles  of  titanium  carbide 
and  tungsten  carbide  into  laser  surfaces  melted  zones  on  various 
substrates,  and  demonstrated  that  wear  resistance  improved  and  the 
friction  coefficient  decreased  with  increased  volume  fraction  of 
carbide  particles:  injection  of  between  30-50  volume  per  cent  of  0.1  mm 
titanium  carbide  particles  into  titanium  alloys  produced  a  hardness  (H») 
of  about  450  H,.  Abboud  and  West  [4]  injected  150  pm  silicon  carbide 
particles  into  titanium  surfaces.  They  observed  partial  dissolution  of 
the  silicon  carbide  which  lead  to  enrichment  of  the  matrix  with  silicon 
and  carbon;  during  solidification  dendrites  of  titanium  carbide  formed 
at  the  silicon  carbide-matrix  interfaces  while  the  matrix  consisted  of 
a/a'+  TijSi,  eutectic,  and  the  hardness  of  the  matrix  increased  from  210 
H,  to  about  600  R,. 

In  the  present  work,  much  smaller  (in  this  case  6pm)  silicon  carbide 
particles  of  various  volume  fractions  were  incorporated,  using  a  range 
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of  processing  parameters,  into  titanium  surfaces  by  laser  treatment  to 
produce  what  we  term  a  metal-ceramic  composite  (MCC)  layer.  This  paper 
details  the  hardnesses  and  microstructures  produced. 

Experimental  Procedure 

Commercial  purity  (CP)  titanium  sheet  of  3  mm  thickness  was  used  in 
this  investigation,  and  silicon  carbide  particles  of  6  )lm  average  size 
were  painted  on  the  metal  surface  with  a  low  temperature  varnish.  Most 
of  the  work  was  carried  out  using  5  and  10  volt  silicon  carbide, 
although  a  few  experiments  were  also  carried  out  with  20  volt.  These 
volume  fractions  of  silicon  carbide  were  estimated  on  a  hemi-spherical 
melt  pool  of  0.4  mm  depth. 

Laser  glazing  of  the  silicon  carbide  painted  CPTi  surfaces  was  carried 
out  at  Culham  Laboratory,  Atomic  Energy  Authority,  Abingdon,  UK,  using 
a  10  kW  CO]  laser  facility.  Specimens  were  glazed  using  a  2.8  kW  beam 
and  a  combination  of  20,  30,  and  50  mm  defocused  distances  and  traverse 
speeds  of  5  and  10  mm  s'1  under  a  pure  helium  environment.  Sections  of 
the  MCC  trails  produced  were  prepared  using  standard  metallographic 
techniques  and  were  examined  by  optical,  scanning  electron  and 
transmission  electron  microscopy.  X-ray  diffraction  analysis  and 
residual  stress  measurements  were  also  conducted.  Microhardness  tests 
were  carried  out  on  the  polished  sections. 

Results 


Microstructures 

Glazing  at  20  mm  defocused  distance  produced  shiny,  smooth  crack-free 
surfaces.  Some  agglomeration  of  particles  occurred  at  the  edge  of 
trails  in  the  5%  and  10%  coatings,  for  both  5  and  10  mm  s’1  traverse 
speeds.  The  20%  coatings,  however,  produced  rough  surfaces  with  a 
network  of  cracks.  Glazing  at  20  mm  s"1  traverse  speed  resulted  in  a 
non-continuous  surface  layer.  Agglomeration  of  particles  was  also  found 
in  the  melt  zone  (Fig  la),  which  additionally  consisted  of  dendrites, 
globular,  columnar  and  what  we  tentatively  term  thread-like  features, 
depending  on  volume  fraction  and  defocus  eg  the  microstructure  for 
5%SiC,  20  mm  defocus  and  5mm  s'1  traverse  speed  is  shown  in  Fig  lb  and 
that  for  10%SiC,  50mm  defocus  in  Fig  lc  (both  at  5mm  s'1  traverse 
speed) .  The  globular  particles  appeared  to  be  associated  with  coarse 
particles;  the  size  of  the  globular  particles  grew  larger  with  distance 
from  the  larger  particles  (S  Mridha  and  T  N  Baker  unpublished  work) . 
When  glazed  at  30  mm  defocused  distance,  the  agglomerates  were  observed 
at  the  surface  with  their  frequency  being  higher  in  the  10%  coatings 
than  with  5%  coatings  for  both  5  and  10  mm  s’1  traverse  speeds.  The 
surface  layer  of  the  10%  coating  was  followed  by  a  deeper  zone 
containing  the  thread-like  features.  Increasing  the  defocused  distance, 
which  decreases  energy  density,  produced  a  continuous  surface  layer  in 
both  the  5  and  10%  coatings,  but  in  the  latter  this  was  followed  by  a 
deep  intermediate  zone  comprising  dendrites  and  thread-like  structures 
(Fig  lc) .  Coarse  particles  at  the  surface  layer  were  again  associated 
with  globular  structures. 

X-ray  diffraction  patterns  from  the  surface  layer  and  approximately 
half  way  into  the  melt  zone  are  shown  in  Figs  2a  and  b.  While  in  both 
cases  titanium,  titanium  carbide  and  titanium  silicide  are  clearly 
present,  the  intensities  of  the  carbide  and  silicide  peaks  are  higher 
at  the  surface  and  diminish  with  distance  into  the  melt  pool  while  the 
intensities  of  the  titanium  peaks  increase.  Transmission  electron 
microscopy  of  thin  foils  prepared  from  the  melt  zone  showed  a  heavily 
dislocated  matrix  comprising  o' ,  dendritic  and  globular  titanium 
carbide  and  lath-shaped  titanium  silicide  (labelled  in  Fig  3) .  Micro¬ 
analysis  results  agreed  with  these  observations. 
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Figura  2.  X-ray  diffractometer  traces  for  (a)  as-glazed  surface  and  (b) 
after  -250(un  removal  (Corresponding  values  of  residual  stresses  are 
given  in  Table  I . ) 
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Residual  stress  measurements  both  parallel  (L)  and  perpendicular  (T)  to 
the  laser  trails  showed  the  stresses  to  be  tensile  in  the  former 
direction  and  almost  equally  compressive  in  the  latter  direction  (Table 
I).  This  was  also  found  to  be  true  below  the  surface,  where 
measurements  were  made  after  removal  of  the  surface  by  grinding  and 
polishing  (preferential  polishing  precluded  the  use  of  electro- 
polishing  in  these  initial  analyses)  .  The  absolute  values  of  stress 
were  found  to  vary  with  position  within  the  laser  trail,  due  to  local 
changes  in  microstructure. 

Table  I.  Residual  stress  values  for  20mm  defocus  and  1 0mm  s  1  condition 


Condition 

Stress  (MPa) 

(uncorrected  for  material  removal) 

Direction 

As-glazed 

259H37 

L 

-2441139 

T 

After  removal  of 

17H94 

L 

-100pm 

-170183 

T 

After  removal  of 

1241117 

L 

further  100pm 

-99H12 

T 

Hardness  Profiles 

The  hardness  profiles  of  the  5  mm  s*1  traverse  speed  trails  given  in  Fig 
4a  show  a  plateau  at  about  500  H.  which  is  over  400  pm  deep  for  both  the 
5%  and  10%  coatings  glazed  at  20  mm  defocussed  distance.  A  similar 
hardness  plateau  occurs  when  glazing  at  10  mm  s''  traverse  speed  and  10% 
coating  (Fig  4b);  however,  the  5%  coating  gives  no  plateau  (Fig  4b). 
This  is  consistent  with  the  observation  that  at  higher  glazing  speeds 
the  melt  depths  are  shallow  and  the  microstuctures  consist  of  a  lower 
volume  fraction  of  carbides  due  to  the  lower  initial  fraction  of  SiC  in 
the  coating. 

Glazing  at  30  mm  defocused  distance,  10  mm  s*1  and  10  %  coating  resulted 
in  a  profile  with  a  thin  hard  layer  (1400  HJ  followed  by  a  moderately 
hard  (500  H,)  plateau.  The  5%  coating  produced  high  surface  hardness, 
but  a  shallow  profile.  When  glazing  at  the  slower  speed  (5  mm  s'1),  the 
thin  hard  layer  was  absent. 

The  hardness  profiles  produced  at  a  50  mm  defocused  distance  and  5  mm 
s'1  traverse  speed  but  with  5  and  10  %  coatings  are  shown  in  Fig  4c.  The 
hardness  plateau  in  the  10%  coating  is  much  deeper  (650  pm),  but  of 
slightly  lower  mean  hardness  (450  H»)  .  The  5%  coating  yields  a  lower 
maximum  hardness  (1040  H,)  than  the  10%  coating  (1400  H„)  . 

Melt  depth 

The  melt  depths,  depths  of  various  structural  zones  where  present  in 
the  MCC  trails,  and  melt  widths  were  measured.  These  results  showed 
that  the  width  of  the  trail  increases  with  increasing  defocused 
distance  and  decreasing  traverse  speed,  while  the  total  melt  depth 
increases  with  both  decreasing  defocused  distance  and  traverse  speed. 
However,  the  10%  silicon  carbide  coatings  resulted  in  higher  melt 
depths  under  all  conditions  compared  to  those  in  5%  coatings.  The  very 
hard  layer  present  in  both  the  5  and  10%  coatings  glazed  at  50  mm 
defocused  distance  and  at  both  glazing  speeds  comprise  the  globular 
microstructure,  and  is  thicker  in  the  10%  coating.  Again  the 
intermediate  hard  layer  increases  with  decreasing  speed  and  defocused 


Figure  4.  Hardness  profiles  of  5  and  10%  SiC  laser  glazed  melt  trails 
for  various  defocus  distances  (DF)  and  traverse  speeds  (TS)  (a)  20mm 
DF  and  5mm  s  TS;  (b)  20mm  DF  and  10mm  s'1  TS;  and  (c)  50mm  DF  and  5mm 
s*‘  TS. 
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distance  in  the  51  coating.  This  is  opposite  to  that  in  the  101 
coatings  where  this  layer  depth  increased  with  both  decreasing  speed 
and  defocused  distance.  This  observation  has  not  been  reported 
previously. 


Discussion 

The  mlcrostructural  development  in  the  MCC  trails  studied  under  the 
present  investigation  is  dominated  by  the  reaction  of  the  SIC  particles 
with  the  molten  titanium  layer  to  form  titanium  carbide  (dendrites, 
globules  and  "thread-like"  features),  titanium  silicide  (and  a' during 
the  subsequent  rapid  solidification  of  the  melt  zone) .  Previous  workers 
(3,4]  reported  that  by  injecting  large  carbide  particles  (100-150  pm) 
into  the  surface  of  titanium  alloys,  particles  are  incorporated  into 
the  melt  with  partial  dissolution  of  carbides  which  results  in  the 
precipitation  of  titanium  carbide  dendrites  at  and  around  the  surfaces 
of  the  embedded  particles  as  well  as  finely  dispersed  carbides  in  the 
matrix.  The  dissolution  of  silicon  carbide  in  the  molten  pool  will  be 
dependent  on  both  its  size  and  melt  temperature.  Since  carbon  has  a 
higher  affinity  for  titanium  than  for  silicon,  the  dissolution  of 
silicon  carbide  and  the  formation  of  titanium  carbide  and  titanium 
silicide  will  take  place.  The  shape,  size  and  distribution  of  these 
constituents  are  believed  to  be  related  to  the  melt  pool  chemistry  and 
time-temperature  distribution.  Glazing  at  20mm  defocused  distance 
resulted  in  thread-like  titanium  carbide  (Fig  1)  which  has  a  higher 
concentration  at  the  surface  than  through  the  melt  zone.  Hardness 
profiles  confirm  this  in  that  the  highest  values  occur  at  the  surface 
and  then  decrease  through  the  melt  zone  (Fig  4a)  .  After  melting, 
dissolved  or  dissociated  silicon  carbide  diffuses  down  through  the  melt 
pool;  however,  due  to  insufficient  time  and  the  temperature  gradient  of 
the  melt,  a  concentration  gradient  is  retained  which,  during 
solidification,  results  in  the  observed  higher  hardness  and 
concentration  of  the  carbide  at  the  surface.  The  very  high  hardness 
observed  at  the  surface  is  similarly  due  to  the  globular  type  of 
titanium  carbides  (Fig  lc)  which  also  have  the  highest  concentration  at 
the  surface.  Cooper  and  Ayers  [5]  also  observed  that  surface  hardness 
increased  from  1.1  to  2.6  times  the  base  hardness  with  increased 
carbide  injection.  In  actual  fact,  the  increased  hardness  results  in 
increased  titanium  carbide  dendrite  density  yielding  higher  hardness; 
which  is  thought  to  be  the  main  hardening  mechanism  of  these  surface 
layers,  as  indicated  by  the  x-ray  diffraction  analysis  (Fig  2a  and  b) . 
The  agglomerated  silicon  carbide  in  the  melt  zone  is  believed  to  be 
related  to  non-optimum  convectional  flow  in  the  melt  pool,  which 
allowed  powder  clusters  to  remain  intact  in  the  melt  pool  where  they 
subsequently  became  trapped  on  solidification.  It  is  significant  to 
note  that  in  the  present  work  hardness  increments  of  three  to  four 
times  that  of  the  base  material  occurred  and  this  value  is  even  higher 
(4.3  to  9.3  times)  when  the  hard  layer  consists  of  globular  titanium 
carbide.  Additionally,  these  increments  are  achieved  by  the  use  of 
lower  volume  fraction  of  fine  silicon  carbide  particles  as  compared  to 
those  reported  in  the  literature  [3-5];  where  hardness  increments  up  to 
1.1  to  4  times  were  found  with  very  high  volume  percentages  (25-60%)  of 
coarse  particles  (45-150  |im)  .  Thi3  clearly  indicates  the  advantage  of 
finer  particles,  which  react  nearly  completely  to  precipitate  the  hard 
titanium  carbide  constituent  which  produced  the  high  hardnesses 
observed.  Moreover,  by  varying  the  laser  glazing  parameters  control  of 
the  hardness  profiles  is  also  possible. 

While  the  load  bearing  capability  of  the  present  MCC  trails  have  not 
yet  been  investigated,  the  very  hard  surface  layers  observed  at  the 
surface  in  the  materials  glazed  is  expected  to  increase  the  wear 
resistance  and  the  underlying  layer  of  intermediate  hardness  will 
contribute  to  an  improved  load-bearing  ability  (6,7], 


Conclusions 


1.  Composites  produced  with  5  and  10  vol%  of  6  |in  silicon  carbide 
particles,  u  ider  various  process  variables,  revealed  microstructures 
consisting  of  globular,  dendritic,  columnar  and  thread-like 
morphologies,  with  some  agglomerated  sheet-like  fragments. 

2.  The  glob  ilar,  dendritic  and  thread-like  features  have  been 
identified  as  titanium  carbide.  Titanium  silicide  is  also  present  in 
the  melt  zone.  These  phases  occur  through  reaction  of  the  silicon 
carbide  particles  with  the  molten  titanium. 

3.  Production  if  surface  layers  with  very  high  hardness,  between  4.3 
and  9.3  times  the  hardness  of  the  base  metal,  and  backed  by  a  softer 
intermediate  layer  up  to  400  |tm  deep  has  been  demonstrated. 
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Abstract 

Interfacial  properties  of  different  SiC/Ti  composites  have  been  measured  using  a  fibre  push-out 
technique.  Three  systems  have  been  considered:  Ti  021s/  SCS6  composites,  Ti-15V-3Cr-3Al- 
3Sn  /  SCS6  composites  and  Ti-6A1-4V  /  SCS6  composites.  The  interfacial  debonding  shear 
stress  was  found  to  affect  the  mode  of  crack  growth.  An  interfacial  shear  stress  in  the  range  of 
90-120  MPa  was  measured  for  Ti- 15-3  /  SCS6  and  Ti-6-4  /  SCS6  systems  and  this  was  found 
to  correlate  with  predominantly  mode  I  crack  growth  in  these  materials  when  tested  in  fatigue  at 
ambient  temperature.  However,  the  Ti  021s  /  SCS6  system  considered  here  had  a  lower 
interfacial  shear  stress  of  approximately  36  MPa,  and  this  appeared  to  promote  crack  bifurcation 
during  fatigue  loading.  A  preliminary  investigation  into  the  effect  of  unbridged  crack  (notch) 
depth  on  fatigue  crack  propagation  was  also  carried  out  in  the  Ti  02 Is  /  SCS6  system  and  was 
found  to  have  important  potential  implications  for  assessment  of  crack  growth  behaviour  in 
these  materials.  Marked  effects  of  the  initial  applied  stress  intensity  range  on  crack  growth 
behaviour  have  also  been  observed  in  the  Ti- 15-3  /  SCS6  system. 
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Introduction 


Continuously  reinforced  metal  matrix  composites  (MMCs)  are  of  interest  to  the  aerospace 
industry  because  of  their  high  stiffness  to  weight  ratios  and  potential  high  temperature 
capabilities.  Applications  will  include  highly  stressed  rotating  parts  operating  at  moderate  to 
high  temperatures.  Thus  fatigue  crack  growth  characterisation  is  of  clear  importance. 

These  composite  systems  have  been  found  [1-5]  to  exhibit  the  unusual  phenomenon  of  crack 
growth  rates  decreasing  with  increases  in  the  fatigue  crack  length  under  constant  cyclic  load 
amplitude  conditions,  i.e.  with  increasing  nominal  applied  stress  intensity  range,  AKwp-  This 
is  due  to  unbroken  fibres  in  the  crack  wake  acting  to  bridge  the  crack  and  thus  to  reduce  the 
effective  stress  intensity  AK«frat  the  crack  tip.  The  amount  of  load  bearing  by  the  fibres  is 
dependent  on  the  strength  of  the  fibre  /  matrix  interface,  and  thus  it  would  be  expected  that  the 
crack  growth  resistance  will  be  affected  by  the  interfacial  properties  of  the  composite.  A  strong 
fibre  /  matrix  interface  would  allow  a  high  degree  of  load  bearing  by  the  fibres  and  means  not 
only  that  fibre  failure  is  more  likely  but  also  that  the  clamp  back  stresses  in  the  crack  wake  will 
also  be  higher  for  unbroken  fibres.  Conversely  a  weak  interface  means  debonding  of  the  fibre/ 
matrix  interface  is  probable  with  reduced  load  transfer.  This  will  result  in  a  reduced  risk  of  fibre 
failure,  but  also  a  reduced  clamp  back  stress  in  the  crack  wake  [6.7].  It  is  unclear  in  general 
which  situation  is  preferable  to  prolong  the  life  of  these  materials  under  cyclic  loading  and 
further  understanding  of  the  effect  of  interfacial  properties  on  fatigue  crack  growth  resistance  in 
these  materials  is  required  before  predictions  can  be  made. 

One  technique  which  has  been  used  to  assess  interfacial  properties  is  that  of  fibre  push-out 
testing  [8,9].  This  can  be  used  to  measure  both  the  interfacial  debonding  shear  stress  and  the 
interfacial  frictional  stress  once  the  fibre  has  debonded  from  the  matrix.  These  values  will 
depend  on: 

(i)  the  chemical  nature  and  thickness  of  fibre  /  matrix  reaction  layers; 

(ii)  the  residual  stresses  set  up  between  the  fibres  and  the  matrix  set  up  on  cooling  due  to 
differences  in  thermal  expansion  coefficient  between  the  fibres  and  the  matrix; 

(iii)  any  volume  changes  in  the  matrix  caused  by  phase  transformations; 

(iv)  type  of  fibre  coating. 

This  paper  presents  preliminary  results  from  a  long  term  programme  aimed  at  quantifying  the 
influence  of  interfacial  properties  on  crack  growth  resistance  in  fibre  reinforced  metal  matrix 
composites. 


Experimental  procedure 

The  composites  considered  in  this  work  were  commercially  available:  Ti-6A1-4V  /  SCS6,  Ti- 
15V-3Cr-3Al-3Sn  /  SCS6  and  Ti  621s  /  SCS6.  All  composites  were  investigated  in  the  as 
processed  condition  and  were  8-ply  unidirectional  lay-ups. 

In  order  for  fibre  push-out  tests  to  be  carried  out,  slices  were  cut  perpendicular  to  the  fibre 
direction  and  then  polished  on  both  sides  to  a  1pm  diamond  finish  and  a  thickness  between 
190-270  pm.  A  Leitz  microhardness  indenter  was  used  to  obtain  a  value  for  the  interfacial 
debonding  shear  stress.  The  specimen  slices  were  placed  on  a  support  block  so  that  one  row  of 
fibres  was  exactly  above  a  200  pm  groove  to  prevent  matrix  deformation  during  indentation. 
The  Vickers  indenter  was  then  optically  positioned  exactly  over  the  centre  of  a  fibre  and  the 
loads  applied  were  progressively  increased  in  increments  of  up  to  50  g  until  the  fibre  was 
observed  to  move.  The  fibres  were  examined  after  testing  using  a  Field  Emission  Gun 
Scanning  Electron  Microscope  (SEM)  both  to  identify  the  location  of  interfacial  failure  and  to 
measure  the  thickness  of  the  slices  accurately . 

The  interfacial  debonding  shear  stress,  T  was  then  calculated  using  the  equation: 

T  =  P  /  (it  df  Lf)  (1) 

where  P  =  load  applied  when  the  fibre  was  observed  to  move,  df  =  diameter  of  fibre  and 
Lf  =  length  of  fibre  (thickness  of  specimen). 


Fatigue  testing  was  performed  on  the  Ti-15-3  /  SCS6  and  Ti  621s  /  SCS6  composites  using 
single  edge-notched  specimens  in  three-point  bending.  The  specimens  were  of  nomind 
dimensions  4  x  2  x  75  mm3.  A  notch  was  cut  perpendicular  to  the  fibre  direction  either  by 
electrodischarge  machining  or  with  a  diamond  saw  of  ISO  pm  thickness.  This  allowed  cracks  to 
be  grown  perpendicular  to  the  direction  of  fibre  reinforcement  and  parallel  to  the  stacking 
direction  of  fibres  within  the  mat.  All  tests  were  carried  out  at  a  frequency  of  10  Hz  and  at  a 

stress  ratio,  R  =  omjn  /  oma,  of  0.5  (where  omin.  Omax  are  the  minimum  and  maximum 
nominal  stresses  applied  over  the  fatigue  cycle).  An  ESH  servo-hydraulic  testing  machine  with 
a  lOkN  load  cell  was  used,  and  a  constant  load  range  was  maintained  for  all  tests.  The  crack 
length  was  measured  using  a  direct  current  potential  difference  technique. 

For  an  investigation  into  the  effect  of  changing  the  initial  notch  depth  (ao)  in  the  Ti  62  Is 
system,  notches  were  cut  with  a  diamond  saw  to  different  ac/W  ratios  where  W  is  the  test-piece 
width.  The  load  ranges  were  adjusted  accordingly  to  produce  the  same  starting  nominal  applied 
stress  intensity  range  AKapp. 

Some  of  the  specimens  were  sectioned  after  testing  along  the  fibre  direction  normal  to  the 
notch  and  polished  to  a  1pm  diamond  finish  to  reveal  the  mechanism  of  crack  growth. 

Results 


Fibre  push  out  results  for  the  various  fibre  /  matrix  systems  are  shown  in  Table  1 


FIBRE 

MATRIX  ALLOY 

INTERFACIAL  SHEAR 
STRESS /MPa 

SCS6 

Ti-6A1-4V 

115  ±4 

SCS6 

Ti-15V-3Al-3Sn-3Cr 

93  ±4 

SCS6 

Ti  621s 

36  ±4 

Table  I.  Comparative  interfacial  shear  stresses  obtained  using  microhardness  push-out  tests. 
All  values  quoted  are  an  average  of  at  least  10  measurements  on  individual  fibres. 

Clearly  there  are  marked  differences  between  the  composite  systems.  SEM  observations  reveal 
the  location  of  interfacial  failure,  see  Figure  1(a),  (b)  and  (c).  Fig.  1(a)  shows  an  SCS6  fibre 
pushed  out  from  a  Ti-6A1-4V  matrix.  Failure  appeals  to  be  between  the  carbon  coating  layers 
and  the  fibre  /  matrix  reaction  product  which  has  been  identified  to  be  mainly  TiC  [10]. 
Fig.l(b)  shows  an  SCS6  fibre  pushed  out  from  a  Ti-15-3  matrix.  Again  failure  appears  to  be 
through  the  carbon  coating  layers  and  the  fibre  /  matrix  reaction  products.  Fig.  1(c)  shows  an 
SCS6  fibre  pushed  out  from  a  Ti  621s  matrix.  There  is  very  little  reaction  layer  present  around 
the  base  of  the  fibre  and  the  carbon  coating  layers  can  be  seen  on  the  surface  of  the  pushed  out 
fibre. 

The  degree  of  interfacial  shear  stress  also  appears  to  dictate  the  mode  of  crack  propagation,  see 
Figure  2(a),  (b)  and  (c).  Note  that  crack  bifurcation  from  the  notch  root  is  seen  only  in  the 
weakly  bonded  Ti  621s  system.  Such  crack  bifurcation  makes  a  quantitative  comparison  of 
crack  growth  rates  in  this  system  with  the  other  systems  difficult.  Nevertheless,  this 
comparison  is  attempted  for  the  Ti  621s  and  Ti-15-3  systems  in  Figure  3.  Unfortunately,  the 
initial  applied  AK^  values  were  also  not  identical,  and  in  the  Ti-15-3  system  alone  this  factor 
is  seen  to  have  a  profound  effect  on  crack  growth  resistance,  see  Figure  3.  Finally,  for  the  Ti 
621s  system  the  influence  of  initial  unbridged  crack  length  on  crack  growth  resistance  is  shown 
in  Figure  4,  for  identical  AKapp  values.  It  can  be  seen  that  the  shorter  unbridged  crack  appears 
to  promote  more  rapid  failure  than  the  deeper  unbridged  crack  (in  45,000  cycles  compared  to 
1,650,000  cycles  respectively). 


Figure  1.  Local  interfacial  failure  after  push-out  testing  (a)  Ti- 15-3  /  SCS6;  (b)  Ti-6A1-4V  / 
SCS6  and  (c)  Ti  B21s  /  SCS6  composites.  1  indicates  carbon  coaling  layers  and  2  indicates 
fibre  /  matrix  reaction  layer. 
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Figure  2.  Optical  micrographs  of  sections  through  interrupted  fatigue  crack  growth, 
(a)  Ti- 15-3  /  SCS6;  (b)  Ti-6A1-4V  /  SCS6  and  (c)  Ti  621s  /  SCS6  composites. 
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Figure  3.  Crack  growth  resistance  curves  :  da  /  dN  versus  AKapp  for  Ti- 15-3  /  SCS6  and  Ti 
B21s  /  SCS6  composites.  Ambient  temperature,  R  =  0.5,  v  =  10  Hz 
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Figure  4.  Effect  of  initial  unbridged  crack  (notch)  length  on  crack  growth  resistance  curves: 
da/dN  versus  AKapp  for  Ti  1321s  /  SCS6  composites.  Ambient  temperature,  R  =  0.5,  v  =  10 
Hz. 
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Discussion 


The  results  from  the  fibre  push-out  testing  show  a  considerable  range  in  the  interfacial 
debonding  shear  stress  in  these  materials.  For  the  systems  containing  SCS6  fibres,  the  Ti-6A1- 
4V  and  Ti- 15-3  matrix  have  broadly  similar  interfacial  strengths,  but  that  of  the  Ti  621s  is 
considerably  lower.  From  the  figures  showing  the  fibre  push-out  specimens,  it  can  be  seen  that 
most  of  the  interfaces  appear  to  have  failed  either  between  the  carbon  coating  layers  and  the 
reaction  product  or  within  the  carbon  coating  layers.  Around  the  base  of  the  fibre  the  remaining 
reaction  layer  can  be  observed,  which  is  of  similar  thickness  in  both  the  Ti-6A1-4V  and  the  Ti- 
15-3  composites.  However  in  the  Ti  621s  system,  there  is  very  little  reaction  layer  visible  at  the 
base  of  the  fibre  and  the  fibre  coating  layers  can  clearly  be  seen  on  the  surface  of  the  fibre. 
Therefore  it  seems  likely  that  the  processing  of  the  Ti  621s  was  insufficient  to  allow  the 
reaction  layer  to  fotm  and  the  interface  is  thus  much  weaker  than  in  the  Ti-6-4  and  Ti-15-3 
systems. 

Optical  sections  through  fatigue  cracks  after  crack  arrest  (Figure  2  (a),  (b)  and  (c) )  show  Mode 
I  type  cracks  in  the  Ti-15-3  or  the  Ti-6-4  systems,  which  is  consistent  with  a  higher  interfacial 
shear  stress.  However  the  Ti  621s  system  is  prone  to  crack  bifurcation.  This  can  be  linked 
directly  to  the  low  interfacial  shear  stress  and  this  leads  to  easy  fibre  /  matrix  debonding. 

It  is  not  possible  from  the  results  in  the  present  study  to  rank  the  relative  crack  growth 
resistance  of  the  Ti  621s  and  Ti-15-3  systems,  see  Figure  3,  because  the  level  of  initial  AKgpn 
was  not  held  constant.  Indeed,  the  significance  of  the  parameter  can  be  seen  in  the  Ti-15-3 
system,  which  illustrates  the  delicate  balance  that  can  sometimes  exist  between  promoting  crack 
arrest  and  catastrophic  failure  in  these  composites.  It  would  appear  that  the  increased  initial 
AKgpp  value  (20  MPaVm)  promotes  additional  fibre  fracture  to  that  deduced  for  the  lower  initial 
AKapp  value  (15  MPaVm),  see  elsewhere  [1 1]. 

For  the  Ti  821s  system,  changing  the  ao/W  ratio  while  keeping  the  starting  nominal  AKapp  the 
same  can  be  seen  to  effect  the  fatigue  crack  growth  rates  dramatically  (sec  Figure  4).  Although 
both  specimens  fail  eventually,  the  specimen  with  the  smaller  initial  unbridged  crack  fails  after 
45,000  cycles,  compared  with  1,650,000  cycles  for  the  specimen  containing  the  longer 
unbridged  crack.  This  unusual  observation  is  deduced  to  be  due  to  increased  fibre  failure 
promoted  by  the  higher  initial  mean  stress  (bending  moment)  applied  to  the  shorter  unbridged 
crack  (to  promote  identical  initial  AKann  values).  Such  observations  lend  strong  support  to  the 
importance  of  "bridging  scale  lengths^  discussed  elsewhere  [12),  and  here  indicate  the  care 
required  to  assess  crack  growth  resistance  in  fibre  reinforced  systems.  Note  that  if  premature 
fibre  failure  does  not  occur  in  eithere  case  i.e. before  large  numbers  of  fibres  bridge  the  crack, 
then  the  deeper  initial  unbridged  crack  will  be  more  detrimental  to  fatigue  crack  growth 
resistance  [7, 12).  Further  experimental  work  is  required  to  substantiate  these  hypotheses  fully, 
and  is  currently  underway. 


Conclusions 

Interfacial  shear  strengths  in  different  commercially  available  Ti  /  SiC  composites  vary 
considerably  and  this  effects  the  mode  of  fatigue  crack  propagation.  Mode  I  cracks  predominate 
in  systems  with  a  higher  interfacial  shear  stress  but  bifurcation  of  cracks  takes  place  in  systems 
with  lower  interfacial  shear  stresses.  Care  is  required  in  assessing  fatigue  crack  growth 
resistance  in  fibre  reinforced  composites.  Relatively  modest  increases  in  initial  stress  intensity 
range  can  promote  catastrophic  test-piece  failure  rather  than  crack  arrest;  and  the  depth  of  the 
initial  unbridged  crack  length,  for  the  same  level  of  initial  stress  intensity  range,  can  also 
influence  fatigue  crack  growth  resistance. 
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Abstract 


Titanium  application  is  shifting  from  the  aero  to  non-aero  area  (industrial  andcon- 
truction).  Though  the  growth  of  conventional  Ti  market  seems  to  be  moderate,  recently 
new  market  is  developing  rapidly.  Potential  market  are  construction  (architecture,  civil 
engineering),  automotive,  oil  and  gas  exploitation,  sports  and  fashion  goods. 

Ti  is  appreciated  as  an  economical  metal  for  these  40  years  or  more.  But  now  Ti 
should  be  evaluated  as  an  ecological  metal.  Ti's  superior  characteristics  (light  weight, 
high  elasticity,  smoothness,  bio-compatibility)  is  devoted  to  make  more  efficent  ma¬ 
chine  or  tools,  paint  and  maintenance  free  construction.  Through  this,  Ti  contribute  to 
prevent  air  pollution,  water  pollution  or  to  promote  safety  and  health. 
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1.  Preface 


For  these  40  years  or  more,  titanlun  (hereaf¬ 
ter  Ti)  has  obtained  a  special  position  as  the 
most  economical  metal  for  heat  exchanger, 
electrode  and  chemical  plant  because  of  its  ex¬ 
cellent  characteristics  of  antl-corroslon.  But 
now,  Ti  should  be  evaluated  as  a  ecological 
metal  from  the  view  point  of  environment  or 
amenity  because  not  only  of  its  anti-corrosion 
and  its  light  weight  but  also  of  It  special  and 
superior  characteristics. 

2.  Chang*  of  market 

1)  From  aerospace  metal  to  Industrial  metal 
For  long  time  TI  has  bean  mainly  used  in  aero¬ 
space.  But  as  the  result  of  sudden  change  of 
world,  production  of  military  plane  Is  losing  the 
position,  and  growth  of  commercial  plane  is 
moderate  one. We  must  try  hard  to  develop  the 
usage  in  the  field  of  Industry,  and  it  seems  to  be 
possible.  I  made  a  forcast  based  on  several 
information.(Fig.1,  2) 

Titanium  application  (history  &  forcast) 


Change  of  contents 


2)  From  apeoW  metal  to  popular  metal 

Aiso  in  the  Industrial  field,  TI  Is  now  widely  rec¬ 
ognized  and  application  Is  spreading.  Especially, 
In  these  four  years,  construction  and  automotive 
use  are  In  sight.  Japan  Titanium  Society  (JTS) 
began  to  classify  the  both  usages  as  new  Items. 

(Fig-3) 

3.  Why  Ti  is  chosen  ? 

1)  Until  now 

At  first  it  may  be  helpful  to  classify  the  reason 
why  Ti  is  used. 

Application  of  TI  at  the  beginning  was  for  air¬ 
plane,  because  of  Its  high  specific  strength  m 
medium  or  high  temperature.  Next  for  the 
chemical  plant,  thanks  to  the  high  corrosion  re¬ 
sistance  for  chemical  substance,  then  to  the 
field  of  electrochemical  anti-corrosiveness  as  an 
elctrode  material. 

Afterward  Ti's  high  resistance  for  sea  water 
attracted  the  intense  attention  for  many  kinds  of 
application,  and  made  a  big  success  In  the  sur¬ 
face  condenser  for  power  station  and  desalina¬ 
tion  plant  In  these  15  years.  (Fig. 4) 

Growth  of  new  maitat  in  Japan 

.  Ra**r  ew**. 


Reason  of  TI  application 


2)  From  high  or  medium  temperature  to 

room  temperature 

Specific  strength  is  one  of  the  most  important 
characteristics  of  Ti,  and  main  classical  applica¬ 
tion  was  in  the  atmosphere  of  high  or  middle 
temperature.  New  consumers'  goods  or  auto¬ 
motive  market  is  developing,  because  of  its  high 
specific  strength  in  room  temperature. 

Main  interest  is  automotive  application,  en¬ 
gine  parts  or  body.  But  more  popular  usage  as 
house  ware  or  accessaries  is  also  interesting 
because  of  its  small  but  sure  repeatness  of 
demand.(Tab.1) 

3)  From  special  process  condition  to  life  area 

Ti  has  been  used  in  special  process  condition 
of  chemical  or  electro-chemical  plant.  New  way 
is  along  high  corrosion  or  erosion  resistance  in 
sea  water  or  sea  wind  affected  zone,  that  is 
marine  construction  and  building.  (Tab. 2) 


4)  Another  characteristics 

In  addition  to  specific  strength  and  light 
weight.  Ti  have  many  useful  features  like  low 
heat  expandability,  low  Young's  modulus  and 
stable  surface  condition.  (Tab. 3) 

4.  Ecological  point  of  view 

1)  Economy  and  ecology 

The  reason  why  designer  decided  to  apply  Ti 
is  now  affected  by  the  social  situation.  Economi¬ 
cal  feasibility  may  remain  the  most  important 
issue  to  choose  metal,  but  recently  assesment 
of  the  effect  by  new  metal  (Ti  for  instance)  must 
be  reviewed  from  new  view  point,  that  is  envi¬ 
ronment  control  and  amenity. 

The  power  condenser  tubes  should  be  appre¬ 
ciated  from  the  view  point  of  less  air  pollution, 
through  higher  heat  transfer  coefficiency.  Mod¬ 
em  application  of  Ti  for  automotive  may  contrib¬ 
ute  also  for  the  same  target. 


Expansion  of  service  condition-1 


Tab.l 


Specific  strength  —  from  blovoto  of  tomporatur®  to  room  tomporuture 


Expansion  of  service  condition-2 


Tab.2 
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2)  Rearrangement 

Overall  of  these  applications,  it  is  possible  to 


rearrange  them  along  this  point  of  view. 


large  scale  thermal  power  station  Is  now 
equipped  with  Tl  condenser  tubes.  On  the  other 
hand,  because  of  difficulty  of  finding  new  site  for 
power  station,  re-powering  is  most  popular 
countermeasure.  In  this  case  revamping  of  con¬ 
denser  with  Ti  tube  is  general  concept.  Both 
actions  are  connected  with  the  less  air  pollution 
through  improvement  of  fuel  consumption. 

Design  concept  and  construction  technique 
for  retublng  is  polished  to  achieve  less  cost  and 
shorter  shut  down  time. 

2)  Thinner  gauge  tube 

Long  term  experience  teaches  thinner  gauge 
tubes  is  applicable.  And  0.5mm  thick  tube  is  the 
most  popular  size  for  thermal  or  nuclear  power 
station  now.  In  the  near  future  thinner  gauge 
below  0.5mm  thickness  tube  may  be  used  for 
condenser  tubes  to  improve  efficiency  and 
economy.  (Fig.5) 

Weight  of  unit  tube  <me«*«n 

-It  nmeaa — 
OH  W  ig 
25  4X1  74X15,000 
M/pKt  6.36 hg 
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5.  Air  pollution 
0.1  Energy 

(power  station,  desalination  plant  oil  and  gas 
exploitation) 

1)  Retublng 

Not  only  in  developing  countries  but  also  In 
industrialized  countries  demand  for  electric 
power  is  Increasing.  For  this  purpose  new  plant 
and  high  ratio  of  operation  time  is  important. 
High  reliability  and  high  efficiency  of  Tl  tube  is 
fully  recognized  and  not  only  nuclear  but  also 


Tl's  weak  point  is  mainly  Its  economy  or  high 
cost.  Adopting  thinner  gauge  it  con  be  competi¬ 
tive  to  other  metals  like  copper  alloy.  In  fact  in 
some  new  desalination  plant,  after  long  techni¬ 
cal  investigation  and  economical  feasibility 
study  to  apply  0.5mm  gauge  Ti  instead  of 
0.7mm,  initial  design  was  partially  changed  to  Tl 
(0.5mm)  from  cupro-nickel(1 ,0mm). 

Also  celt  and  tube  type  heat  exchangers  in 
merchant  ships  are  now  changing  its  material 
from  copper  alloy  to  0.3mm  thickness  gauge  Ti 
tube. 

The  situation  is  the  same  with  the  plate  type 
heat  exchanger,  adopting  0.4mm  gauge  sheet. 


3)  Tl  aMoy  turbine  bM« 

To  utilize  the  longer  steam  turbine  blade  in 
power  station  is  the  (dundamental  method  to 
increase  efficiency.  To  encounter  the  centrifrjgsl 
force,  TTs  specific  strength  is  advantageous. 
Many  tests  and  researches  were  canted  out  and 
finely,  three  big  thermal  power  stations  were 
installed  with  the  steam  turbine  of  40  inches  long 
Tl  aNoy  blade  and  achieved  excellent  efficiency 
improvement  1.696,  followed  by  less  air 
poeution.(Flg.6) 
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4)  Tl  dad  tube  sheet 

To  solve  the  cost  and  technical  problem  at 
once,  composite  material  as  clad,  Is  important 
In  case  of  power  condenser,  how  to  keep  high 
vacuum  Is  critical  factar  for  high  performance  of 
generation.  Slow  leakage  along  mechanical 
flange  Is  most  difficult  problem  for  designer  and 
operator. 

Tl  clad  may  be  a  best  answer  for  this.  Because 
Tl  c lad's  base  metal  (steel)  can  be  welded  to 
steel  drum  easily  and  completely.  Many  con¬ 
densers  with  Tl  clad  tube  sheets  are  now  operat¬ 
ing  In  success.  It  wW  also  contribute  to  minimize 
the  accident  blowing  of  boiler  and  loss  of  fuel. 
(Fifl.8) 

tL2  Automotive 

1)  Most  expecting  field  coming 

From  early  time  automotive  is  the  target  of  Tl 
application,  but  nowadays  not  so  many  fruits  are 
gained  In  this  large  market.  (Tab.  4) 

Situation  is  changing  now  slightly  and  surely 
from  the  view  point  of  environment  control. 


Ti  clad  steel  as  tube  sheet 


B.  Tl  dad  steel 
tube  sheet 


Tided  steel  tube  sheet 


Advantage  of  Tl  dad 

1 .  Elimination  of  flange 

+  Elimination  of  gascket 
+  Welding  joint 
<0  No  leakage 

2.  Tube  sheet  cost  save 
3. 1  ess  bofts  number 


Regulation  (CAFE)  Is  now  under  discussion  to 
(•dues  the  NOX  outlet  There  is  two  ways  to  at¬ 
tain  this  goal.  One  is  to  make  car  lighter,  or  make 
more  efficient  engine.  For  both  purposes  T1  has 
many  chances.  (Fig. 7) 

2)  Engine  parts 

a:  CAFE  act  may  be  an  Impact  for  automobile 
producers  aN  over  the  world.  Car  makers  and  T1 
rolled  products  makers  are  now  cooperating  to 
cope  with  the  difficult  theme.  As  the  first  step, 
racing  cars  and  high  grade  sports  cars  is  now 
constantly,  installed  with  T1  eng  re  parts  (con¬ 
necting  rod,  retainer,  spring).  From  the  view 
point  of  cost  /  performance,  rotating  or  recipro¬ 
cating  parts  are  most  expectable,  especially 
powertrain. 

b:  Automotive  engine  spring  and  under  carhge 
spring  is  lighter  than  its  specific  weight  ratio  be¬ 
cause  of  its  high  elasticity,  in  the  case  of  spring, 

Needs  for  automobile  weight  reduction 
and  underlying  factors. 


Tl's  low  young's  modulus  Is  essential  to  save  the 
weight,  because  planner  can  reduce  the  number 
of  turns  of  coil  springs.  (Fig.9) 
c:  Connecting  rod  made  of  Ti  Is  a  little  bit  heavier 
than  that  of  aluminum,  because  specific  strength 
in  medium  or  room  temperature  is  not  superior, 
but  TI  needs  smaller  space.  This  is  a  very  impor¬ 
tant  factor  to  design  compact  engine  in  limited 
space.  (Flg.lQ) 

Dimension  for  tension  load 


Fig.  7 


3)  Outer  panel  and  others 
a:  In  autumn  1991,  in  Tokyo  Motor  Show,  a 
Japanese  car  maker  released  some  concept 
cars  which  have  TI  side  sills,  aiming  both  light 
weight  and  anti-corrosiveness  and  recycling  of 
raw  materials.  Technical  capability  (especially 
press  formability)  is  checked  and  demonstrated 
for  all  automotive  persons.  (Fig.11) 


rab.4  Stage  of  automotive  application  =  First  step  m  - 
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b:  Frame  of  car  door  mirror  which  have  ultra¬ 
sonic  vibrating  droplet  cleaning  system  are  also 
made  of  Ti  for  its  anti-corrosiveness  and  suitable 
characteristics  of  vibration.  (Fig.  12) 


Fig.  12  Door  minor  frame  by  H 
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4)  Development  of  manufacturing  process 
Rolling,  forging,  casting,  extruding  are  general 
process  to  make  Ti  products,  and  now  precision 
casting  technique  or  powder  metallurgy  is  in  ho¬ 
rizon.  In  Japan  many  TI  golf  club  heads  are  made 
by  precision  casting  or  super  plastic  forming. 
Powder  metallurgy  is  advantageous  process  for 
near  net  shape  (high  yield  of  material  and  lower 
machining  cost),  is  now  struggling  to  find  the 
proper  market,  its  quality  and  cost  image  is  be¬ 
coming  clear.  (Fig.13) 

6)  Technical  thems 
a  Surface  hardness  and  anti-friction 

-  valve,  spring, 
b:  Good  formability 

-  connecting  rod 

c:  High  young's  modulus 
--  pressure  element,  connecting  rod 
d:  Effective  process 

-  cast,  forge,  powder,  extrusion  super  plastic 
&3  Marine 


LUS).  A  North  Sea  profect  has  released  the  deci¬ 
sion  to  apply  TI  alloy  for  real  protect.  In  this  field 
USA  Ti  people  are  expecting  many  chances  and 
much  volume  of  consumption,  utilizing  several  of 
useful  characteristics  of  Ti. 
b:  In  case  of  screw  we  can  expect  to  improve  the 
propulsion  efficient  and  anticavitation,  because 
of  its  high  elasticity  and  smoothness  (no  corro¬ 
sion  and  erosion). 

Both  cases  are  also  contributing  to  better 
environment  and  development. 

5.4  Good  snow  sUpperity 

TI  roof  is  reported,  after  5  years  test,  to  have 
a  good  snow  sllpperity.  Exact  reason  is  not  clear 
yet.  But  the  continuation  of  smoothness  of  Ti 
roof  surface  must  be  effective.  Please  think  of 
melting  down  method  of  snow,  how  much  elec¬ 
tric  or  fossil  enegy  have  been  consumed. 


Manifacturing  method  and  procucts 

(lutomotiv*) 


a:  OrWng  riser  for  petroleum  exploitation  is  en¬ 
joying  the  high  elasticity  (Low  YOUNG'S  MODI'- 


6.  Water  pollution 

6.1  Chlor-alkali  process 

For  long  time,  in  caustic  acid  production, 
coated  Ti  anode  is  the  key  technology  to  change 
the  harmful  amalgam  process  to  ion  exchange 
membrane  process,  and  contributed  substan- 
ciaHy  to  prevent  the  water  pollution. 

6.2  Power  condenser 

In  case  of  copper  ailoy  tube,  some  kind  of 
substance  is  usually  injected  to  protect  con¬ 
denser  tubes  from  corrosion  and  sticking  of 
small  sea  animals  (so  called  fouling).  Naturally 
this  substance  is  also  harmful  for  another  sea 
animals.  In  case  of  all  Ti  made  condensers,  no 
injection  of  the  anti-fouling  substance  is  neces¬ 
sary,  by  more  frequent  ball  cleaning  system  op¬ 
eration,  compared  with  that  of  copper  alloy  tube 
which  have  softer  surface.  It  is  also  one  of  the 
counter  measures  for  sea  water  pollution. 

Test  in  water  inlet,  screen,  Ti  shows  potential 
material  to  minimize  the  sea  animal  sticking 
without  any  anti- fouling  paint. 


6.3  Marine  construction  and  civil  engineering 

1)  Bridge  pier  at  sea 

In  this  field  long  service  life  is  one  of  the  most 
important  requirement.  (Fig.15) 

For  this  purpose  many  people  come  to  know 
that  Ti  may  be  the  best  metal.  But  there  were  no 
example  to  assure  the  performance,  then  plan¬ 
ner  is  afraid  of  technical  problem  hidden  in  the 
metal,  and  high  initial  cost.  In  spite  of  many 
theme  to  be  solved,  economically,  technically, 
TTBfTrans-Tokyo-Bay)  engineers  decided  three 
years  ago  to  investigate  the  newfy  developed  Ti 
clad  covered  protection  system  for  tidal  and 
splash  zone  of  12  steel  piers.  (Fig.  14) 

To  settle  and  clarify  all  technical  and  economi¬ 
cal  problems  such  as  galvanic  corrosion,  colli¬ 
sion  toughness,  vibration  toughness  through 
test  in  laboratory  and  in  site,  it  took  one  more 
year.  Finally  they  decided  to  adopt  the  new 
method.  Two  giant  piers  were  completed  and 
now  standing  in  the  middle  of  Tokyo  bay.  We  can 
expect  more  than  100  years  life  without  mainte¬ 
nance.  The  new  system  attracted  a  world  wide 
attention  among  protection  engineers  and  ma¬ 
rine  construction  engineers,  as  a  perfect  super 
long  life  protection  system,  at  the  same  time 
gentle  system  to  the  earth.  (Fig.  16) 


2)  Railroad 

In  undersea  tunnel.  71  hanger  of  trolly  for  lugh 
speed  rail  way  (SHINKANSEN)  is  attached  for  the 
first  time  four  years  ago  After  strict  observation, 
railway  men  were  deeply  m pressed  and  satis 
fled  by  the  excellent  performance  compared  with 
the  conventional  system,  steel  structure  brazed 
and  heavy  coated  They  are  gong  to  replace  all 
hangers  from  steel  to  TL  And  In  future,  they  have 
plan  to  apply  it  also  m  mountain  tunnel  Next 
subjects  of  Tin  tunnel  is  messenger  wxe.  n  this 
case  Ti  clad  (steel  or  copper)  wre  is  necessary, 
because.  Ti  is  inevitably  handicapped  by  low 
conductivity.  (Fig.  17) 


3)  Ant-corrosive  materials  to  protection  ma 
tertais 

Before  tme,  Ti  Is  used  as  an  anti-  corrosive 
matenal.  for  cell  and  tube  heat  exchangers,  plate 
type  heat  exchangers,  chemical  towers  and  ves¬ 
sels. 

These  markets  are  special  and  comparatively 
small  But  demand  for  the  protection  system  for 
corrosive  metal  as  steel  s  much  bigger  Then, 
my  proposal  is  to  divide  the  am  of  Ti  usage  in 
two  ways,  anti  corrosive  materials  and  protec 
ton  materials  Because  of  its  high  cost.  Ti  as 
anti -corrosive  materials  must  be  kmited.  and  we 
are  obliged  to  develop  the  usage  of  Ti  as  protec 
ton  materials 


Outline  of  protection  system 
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MmTXXl  or  prOwCuOfi 

There  b  many  kinds  of  method  of  protection 
by  Tl.  First  group  is  direct  method.  Direct 
method  means  to  protect  steel  or  concrete  by 
covering  completely  and  separating  them  from 
sea  water  or  air  by  seal  weld  or  sealant  Second 
group  is  indirect  method.  Paint  or  resin  is  used 
usuaPy  and  Tl  sheet  cavers  them  to  keep  those 
organic  material  from  mechanical  damage  and 
ultraviolet  deterioration.  This  system  is  appli¬ 
cable  ter  replacement  of  present  protection  sys¬ 
tem.  To  solve  the  cost  problem  and  technical 
problem,  thin  gauge  Ti  and  composite 
material  clad)  is  vnportant.  Fig.  18.  19) 


a:  Titanum  clad  covering 

-  Heavy  duty  use 

b:  Titanium  sheet  covering 

-  Medium  duty  use 
c:  Titanwm  foil  covering 

-  Light  duty  or  in  ar  use 
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Fig.  18 
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Anticorrosion  by  using  titanium  sheet  /  Range  type 

Fig.  19 


5)  Development  of  Tl  Clad  production 
Explosive  method  was  domnatng  as  the  way 
of  manufactunng  clad.  To  get  wider  and  longer 
cheaper  Ti  clad,  converscn  method  and 
rolling  method  are  developing  Especially,  we 
c»i  get  cheaper  Ti  clad  by  hot  strip  rolling  with 
copper  nsert  It  will  contribute  to  the  new  devel¬ 


opment  of  direct  protection  method.  Base 
metaksteef)  is  essential  as  welding  Joint  compo¬ 
nent  to  steel  structure  and  toughness  of  outer 
cover. 


6)  Tl  foil  covering  system 

Painting  is  troublesome  because  of  its  chemi¬ 
cal  vapor  and  dangerous  work  on  high  foot  step, 
and  is  becoming  more  expensive.  Resin  film 
with  adhesives  n  rear  side  is  used  as  sheet 
panting  Instead  of  resin  film,  we  tried  to  use  Ti 
toil.  Thin  Tl  metal  can  completely  shut  out  the 
two  man  deterioration  factor  of  organics,  nva- 
sjon  of  water  and  ultraviolet  ray  attack.  Theoreti¬ 
cally,  adhesrves  n  dark,  dry  and  not  high  tem¬ 
perature  atmospher,  is  reported  to  have  more 
than  100  years  Me.  Ti  foil  with  organic  adhesive 
is  of  course  very  easy  to  attach  to  any  knds  of 
structure  We  can  expect  the  very  tong  life  of  or¬ 
ganics,  by  prevention  of  ultraviolet  ray  and  water 
or  humidity.  Results  of  test  in  site  and  laboratory 
is  encouragng  us.  It  will  be  very  easy  way  ter 
long  life  protection.  (Fig.20.  21.  22) 


7)  Economy 

Of  course,  mtial  cost  of  Ti  protection  is  higher 
than  conventional  method.  In  case  of  TTB  pro¬ 
tect  Ti  system  cost  is  about  1.3  txnes  of  that  of 
conventional  one.  But  as  a  long  life  cycle  cost.  Tl 
protection  is  more  economical,  and  subse¬ 
quently  more  ecological.  It  is  not  a  dream  to 
expect  many  steel  structures  are  furnished  with 
Ti  protection  system. 

Supporting  methods  of  titamum  toils  tor  protection 
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6.4  MbMMm 

1)  Double  bottom  tanker 

Shipbuilding  world  is  now  involved  in  two  big 
environment  problems. 

First  is  new  regulation  to  use  double  bottom 
to  stop  the  leakage  of  oil  to  sea.  after  sorrowful 
accident  in  North  Atlantic  Sea.  Complicated 
double  bottom  tank  is  difficult  to  protect  corro¬ 
sion.  Researchers  are  now  lookng  for  new  anti¬ 
corrosive  steel  or  new  protection  system.  For 
this  Ti  foil  method  is  one  of  candi  dates. 


2)  Restriction  of  harmfii  paint  usage 
Second  is  the  sea  water  pollution  by  anti-foul- 
ng  pant.  To  protect  raprd  corrosion  and  fouling, 
special  paint  is  used  for  long  time  up  to  now. 
Ftecently.  TBT(tri  butyte  tin)  included  in  the  pant 
is  reported  injurious  for  mankind  through  the 


food  chain.  Maritme  Organizations  ready  to  re¬ 
strict  the  usage  of  TBT.  Ti  protection  system  just 
started,  can  help  to  solve  this  problem  and  water 
pollution.  Of  course  another  kind  of  pant  is  now 
proposed.  Ti  remains  also  fascinatng  material, 
in  shape  of  clad,  sheet  or  foil. 

7.  Paint  free  protection  system 

7.1  ArcMtcturt 

1)  Succeeding  new  market 

As  reported  in  last  conference,  in  Japan 
many  buildings  are  covered  by  Ti  roof  and  or 
wall.  Recently  this  tendency  is  expanding 
quickly  and  widely,  obtained  good  reputation 
after  many  experiences.  Results  are  of  course 
very  clear,  no  mantenance.  no  repant ng.  that  is 
not  harmful  nor  dangerous  job. 

2)  Statistics  of  erchttecUrai  use 

Every  year.  JTS  take  statistics  of  Ti  in  build- 
ng  use.  Accordng  to  this  statistics,  about  40-50 
buildings  apply  ng  Ti  as  roof  or  wall  or  monu¬ 
ment  and  100-200  tons  of  Ti  are  consumed. 
Many  roofs  are  made  of  welded  system  enfoy 
perfect  watreproof  with  no  maintenance  It  is 
now  becoming  the  sure  market  genre  for  Ti  ro* 
products. 


3)  Up  data  examples  of  building 

a  Roof  --aquarium,  castle,  private  house,  gym¬ 
nasium  long  span,  seaside, 
b:  Wall  -  -office  building 
c:  Exterior  and  n tenor  matenal 

(Fig. 23.  24) 

4)  Follow  up  research 

JTS  made  a  joint  research  to  check  the  effect 
of  Ti  as  a  bmidung  use.  and  after  that  we  are 
now  surely  convinced  with  the  performance  of 
Ti's  ability  of  high  anti-corrosiveness  in  any 
knds  of  atmosphere,  seaside,  valcanc  district, 
ot  spnng  area.  As  for  out  of  Japan  I  have  no  in¬ 
formation  of  Ti  used  in  this  field,  and  I  do  not 
know  the  reason  They  may  have  another  phi¬ 
losophy  or  economical  concept,  or  only  techni¬ 
cal  and  economical  n  format  on  b  not  enough. 

5)  Anodizing  color 

Some  architects  use  TI  as  rolled  because  Ti's 
proper  color  and  textile  e  attractive.  Ti  can  be 
colored  by  anodizng  method,  its  tone  is  so  natu¬ 
ral  and  soft,  some  designers  are  favorable  to  use 
it  as  colored.  Not  only  accessaries  but  some  in¬ 
terior  goods,  tiles,  street  signs  are  made  of  col¬ 
ored  TI.  One  thrd  of  Ti  roof  and  wall  is  colored. 
(Fig.25) 


6)  Economy 

We  haven't  the  clear  criteria  to  adopt  Ti  as 
economical  metal.  But  recent  consensus  to 
avoid  difficult  mantenance  in  high  place  or  on 
sea.  and  to  achieve  free  maintenance  of  building 
is  wide  spread,  owner  or  architects  seems  to  be 
easily  and  reasonably  persuaded  to  use  Ti  as 
high  grade  long  Nfe  material. 


7.2  Tanks  and  pipings 

Same  concept  and  system  will  be  applied  to 
general  tanks  and  piping  in  wide  range  In  iso¬ 
lated  southern  island  large  oil  tanks  are  made  of 
solid  Ti,  free  from  maintenance. 

Ti  bellows  become  perfect  countermeasure 
for  corrosive  liquid,  its  high  eiastecity  is  much 
pref  arable. 

B.  Bio-compatibility 

1)  Implant 

Because  of  its  lightness  and  non-toxicity.  Ti 
artficial  bones  is  replacing  stainless,  or  Ni-Cr 
steel.  Mam  technical  theme  is  how  to  harden  the 
surface  of  metal,  and  how  to  make  the  compati¬ 
bility  to  organic  cell.  Pace  makers  and  artificial 
teeth  of  Ti  are  also  famous  application. 

New  alloy  and  surface  treatment  is  searched 
to  avoid  any  potential  trouble  in  human  body 

2)  Fashion  goods 

Frames  of  eye  glasses,  watch  cases  of  Ti  is 
comfortable  not  only  of  its  light  weight  but  also  of 
its  gentleness  for  human  delicate  skin.  It  is  better 
to  consider  more  factor  than  specific  strength  of 
material,  say.  space  efficiency,  surface  hard 
ness.  bo-compatibiJtty.  or  flexibility  of  structure. 
Eye  glasses  frame  get  a  firm  position  as  a  mate¬ 
rial.  satisfy ng  almost  all  of  these  factors. 

9.  Health  and  safety  promotion 

1)  Sports  goods  and  others 

Many  sports  goods  made  of  Ti  are  now  in  full 
blossoms  New  advanced  technology  is  hired 
prior  to  general  industry,  lor  nstance  precision 
casting,  super  plastic  forming,  powder  metal- 
kirgy.  (Fig.26) 
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a.  Motor  sport  -  chain,  valve  connect ng  rod 
b:  Cycle  sport  -  frame,  gear 
C:  Marne  sport 

-  lust  finished  AMERICA'S  CUP 
NIPPON  CHALLENGE  used  m<rry  metal 
parts  made  of  Ti  alloy  lor  instance  chan  plate, 
screw,  rudder 

2)  Extend  on  of  TI  electrode  usage 

Starting  from  the  chlor-alkah  process,  Ti  elec 
trade  s  now  expand  ng  its  application  Cathode 
for  copper  foil  product  on  roll  s  expetkng  that  of 
stainless  rot.  Anode  for  brazng  process  in  steel 
plant  is  now  under  study  Recently  new  type  of 
water  cleaner  which  produce  the  alkali  water  s 
widenng  the  demand  quickly,  and  some  of  the 
electrode  is  made  of  TL 

10.  Deep  sea  research 

1)  Academic  research  equipment  for  environ 
memai  control 

Long  discusson  (techncaJ  and  economical)  s 
now  finished.  Ti  pressure  capsule  or  frame  and 
cable  in tt  is  now  essential  material  for  deep  sea 
exploration 


11.  Strategic  map 


Bigger  market  s  now  devetopng,  car.  corv 
strauton.  computer,  civil  engneemg  (Fig, 28) 

a:  Traditional  market 

-Cost  down  and  quality  up  to  keep 
competitiveness  to  other  metals 
b:  Big  devetopng  market 

-Big  cost  down  will  response  to  tng  volume 
process  technique  is  important 
c:  High  technology  market 

-  New  alloy,  high  technique  is  necessary 

12.  Conclusion 


2)  Example 

a.  Manned  vehicle  (Fig.27) 

-  6500  meter  depth  pressure  vessel,  frame 
b:  Unmanned  vehicle 

-  3300  to  1 0000  meter  depth  pressure  vessel, 
frame,  cable 


Ti  is  not  yet  fully  cultivated  metal  from  view 
pont  of  application.  Now  Ti  becomes  familiar 
metal  n  usual  We.  as  a  raw  material  of  consum¬ 
ers'  goods.  Ti  have  many  chance  to  jump  up  to 
major  metal. 
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Abstract 

In  this  study,  two  near  beta  titaniua  alloys,  Ti-10V-2Fe-3Al  (Ti-10-2-3)  and 
Ti-5Al-2Sn-2Zr-4No-4Cr  (Ti-17),  were  investigated  and  compared  with  Ti-6A1-4V 
(Ti-6-4)  as  a  blade  aaterial.  Ti-10-2-3  was  superior  to  the  two  other  titaniua 
alloys  in  strength-toughness  combination,  fatigue,  erosion  resistance  and  forge¬ 
ability.  A  20-inch  Ti-10-2-3  near  net  shape  aodel  blade  was  aade,  which  had 
unifora  mechanical  properties  from  root  to  airfoil. 

1.  Introduction 

The  application  of  Ti-6-4  for  steaa  turbine  blades  has  increased  in  recent  years 
[1],  Ihile  Ti-6-4  is  a  widely  used  and  reliable  titaniua  alloy,  higher  strength 
and  better  forgeability  are  required  to  improve  performance  and  cost  efficiency 
of  turbine  blades. 

Near  beta  titaniua  alloys,  known  to  have  a  high  strength  per  weight  ratio  and  a 
low  hot  flow  stress,  are  expected  to  alternate  with  Ti-6-4  in  aerospace  use[2]. 
In  this  study,  two  promising  near  be*?  titaniua  alloys,  Ti-10-2-3  and  Ti-17,  were 
investigated  and  compared  with  Ti-6-4  as  a  blade  material.  The  target  mechanical 
properties  were  a  tensile  strength  fe  115  kg/nm*  and  a  fracture  toughness^  150 
kg/am,/*. 

2,  Experimental  Procedure 
2. 1.  Material 

In  this  study  two  near/3  alloys, Ti-10-2-3  and  Ti-17,  and  an  a  +  /5alloy,  Ti-6-4, 
were  compared  For  each  alloy  a  VAR  double  melted  1  ton  ingot  was  break -down 
forged  in  the  0  region  and  forged  into  billets  in  the  a  +  0  region.  These 
billets  were  used  as  an  initial  aaterial  for  the  following  examination  and  blade 
forging.  Table  1  shows  the  chemical  cowiposition  of  the  three  alloys. 

Table  1  Chemical  cowiposition  of  the  three  alloys  (leight  !K  ) 


Allov 

A1 

V 

Fe 

Zr  Sn  Mo  Cr 

C 

0 

N 

Ti-10-2-3 

3. 24 

9. 64 

1.  99 

- 

.006 

.093 

.0070 

Ti-17 

5. 08 

- 

.045 

2.  09  2.  04  3.  99  3.  98 

.005 

.101 

.0055 

Ti-6-4 

6.15 

4. 19 

.201 

-  -  -  - 

.005 

.148 

.0058 
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2.  2  Heat  Treatment 

The  tensile  properties  and  fracture  toughness  of  isothermally  forged  and  heat 
treated  pan  cakes  (18mm  t  ,200mm  dia, )  were  examined,  and  the  appropriate  heat 
treatment  conditions  were  determined.  Isothermal  forging  was  done  with  a  400  ton 
isothermal  forging  press.  Table  2  shows  the  isothermal  forging  conditions  [3]. 


Table  2  Isothermal  forging  conditions 


Alloy _ Temperature _ Strain  rate 


Ti-10-2-3 

1  MEjKjM  1 

5X10'3 

Ti-17 

830  °c 

5x10" 3 

Ti-6-4 

900  °C 

5X10'3 

The  investigations  were  carried  out  in  the  range  of  heat  treatment  conditions 
shown  in  Table  3.  The  tensile  strength  of  two  near/3  alloys  varied  from  115 
kg/mm1  to  140kg/mm'  in  this  condition.  The  strength-toughness  and  strength- 
ductility  combinations  of  each  all««y  were  compared. 

Table  3  Heat  treatment  conditions 

Alloy _ Solution  Treatment _ Aging _ 

Ti-10-2-3  740  —770  1C.  lh  ,  AC  or  IQ  480-525 8h 

Ti-17  800  -840  °C,4h  ,AC  or  IQ  600-620  °C,  8h 

Ti-6-4  Annealing  :  700  °C,  lh,  AC 

2. 3  Evaluation 

A  comparison  between  Ti-10-2-3  ,  Ti-17  and  Ti-6-4  was  done  on  fatigue  strength, 
erosion  resistance,  damping  capacity  and  Young’s  modulus.  Isothermally  forged 
pancakes  heat  treated  under  selected  conditions  were  used.  The  tensile  strength 
of  Ti-10-2-3  and  Ti-17  were  controlled  at  the  level  of  115kg/mm’. 

The  fatigue  strength  at  room  temperature  in  air  was  investigated  by  the  axial 
tension  method,  and  also  in  80  t  salt  water  by  the  rotating  bending  method.  The 
erosion  resistance  was  evaluated  by  droplet  erosion  weight  loss  at  55  V  and  the 
droplet  velocity  was  400m/sec.  The  damping  capacity  and  Young' s  modulus  were 
measured  by  an  internal  friction  measurement  apparatus  at  room  temperature. 
Damping  capacity  was  represented  as  a  quality  factor  (Q  "').  The  effects  of 
temperature  on  flow  stress  were  investigated  at  a  strain  rate  of  10  'Vs  by  the 
compression  test. 

On  the  basis  of  above  results  the  suitable  alloy  for  turbine  blade  was  selected 
from  among  the  three  alloys  and  submitted  to  near  net  shape  forging  of  model 
blade  and  evaluation. 

2. 4.  Manufacturing  and  evaluation  of  near  net  shape  blades 
The  dimensions  of  the  model  blade  were  2/5  of  an  actual  40-inch  blade.  The  length 
of  the  blade  was  about  20inches  (500mm).  The  near  net  shape  forging  of  the  blade 
was  done  with  a  3000-ton  isothermal  forging  press  at  the  Takasago  plant. 

The  forging  die  was  made  of  Ni-bese  super  alloy.  The  atmosphere  for  heating  and 
forging  was  air.  Details  of  the  forging  procedure  have  already  been  reported[4]. 
The  forged  blades  were  heat  treated  and  cooled  in  air.  The  surface  condition 
(oxygen  rich  layer),  macro  and  micro  structures,  tensile  properties,  and  fracture 
toughness  were  examined  . 
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3.  Results  . 

3. 1.  Comparison  of  Ti-10-2-3,  Ti-17  and  Ti -6-4 

Fig.  1  and  2  show  the  strength-toughness  and  strength-ductility  relation  of  the 
three  alloys.  Ti-10-2-3  showed  better  strength-toughness  and  strength-ductility 
combination  than  Ti-17  in  a  tensile  strength  range  of  115kg/mms  ~140kg/W. 

The  heattreataent  conditions  in  which  the  target  mechanical  properties  were 
attained  were: 


Ti-10-2-3:  ST:  7701C/lh/AC,  A:  520cC/8h/AC 
Ti-17:  ST:  800°C/4h/AC,  A:  620t:/8h/AC 

The  results  of  fatigue  at  room  temperature  in  air  are  shown  in  Fig.  3.  Ti-10-2-3 
demonstrated  a  higher  fatigue  strength  than  Ti-17  at  the  same  tensile  strength 
of  ^kg/mm1.  The  results  of  fatigue  at  80  °C  in  salt  water  are  shown  in  Fig.  4. 
Ti-17  had  a  little  higher  fatigue  strength  in  80T!  salt  water  than  Ti-10-2-3  at 
the  same  tensile  strength  of  115kg/W. 

The  result  of  the  droplet  erosion  test  are  shown  in  Fig.  5.  The  weight  loss  with 
droplet  erosion  was  the  same  level  for  both  near/9  alloys’ and  smaller  than  for 
Ti-6-4. 

The  values  for  Young' s  modulus  and  the  damping  capacity  are  shown  in  Table  4. 

The  damping  capacity  and  Young' s  modulus  for  Ti-10-2-3  and  Ti-17  were  a  little 
lower  than  for  Ti  -6-4  but  the  differences  are  small  . 

Table  4  Young's  modulus  and  quality  factor 

Alloys  Young's  modulus/  kgf/ma*  Quality  factor/Q 
Ti-10-2-3  10.4X105  3  xiO  ' 

Ti-17  11.  lx  10s  2  xio  * 

Ti-6-4  11.2  x10s  4  xlO  4 

The  effects  of  temperature  on  flow  stress  are  shown  in  Fig.  6.  Ti-10-2-3  had  a 
lower  flow  stress  than  Ti-17  and  Ti-6-4  at  the  same  temperature  but  the  same 
flow  stress  at  a  lower  temperature. 

Ti-10-2-3  proved  superior  to  Ti-17  in  the  strength-toughness  combination  and 
forgeability,  although  the  fatigue  strength  and  erosion  resistance  were  almost 
the  same  for  both  alloys.  The  Young's  modulus  and  quality  factor  of  Ti-10-2-3 
were  comparable  to  those  for  Ti-6-4. 

On  the  basis  of  the  above  results,  Ti-10-2-3  was  selected  from  among  three  alloys 
for  application  for  turbine  blades. 

3.2  Manufacturing  and  evaluation  of  the  near  net  shape  blades 
Near  net  shape  blades  were  formed  in  a  single  heat  cycle  of  isothermal  forging. 
The  finished  turbine  blade  of  Ti-10-2-3  is  shown  in  Fig.  7.  No  crack  or  any  other 
defect  was  observed  after  shot  and  pickling.  The  surface  oxygen  rich  layer  of 
the  blade  in  its  forged  and  heat  treated  condition  is  shown  in  Fig.  8.  The  thick¬ 
ness  of  the  oxygen  rich  layer  is  only  70 (it,  because  of  the  single  heat  cycle  of 
isothermal  forging  and  the  relatively  low  temperature  of  the  forging  and  heat 
treatment. 

Fig.  9  shows  the  macro  structures  of  the  root  and  air  foil.  Uniform  and  smooth 
metal  flows  can  be  observed.  Fig.  10  shows  the  micro  structures  of  the  rootand  air 
foil.  The  primary  a  grains  of  the  root  and  air  foil  are  almost  the  samein  shape 
and  distribution. 


Table  5  shots  the  mechanical  properties  of  the  root  and  airfoil.  The  tensile 
strength  and  fracture  toughness  clear  the  target  . 


Table  5  Mechanical  properties  of  Ti-10-2-3  model  blade 

Position  Yield  Strength  Tensile  Strength  Fracture  Toughness 
ksf/aa*  taf/mm'  lurf/■,'', 


4,  Summary 

Ti-10-2-3  is  superior  to  Ti-17  in  the  strength-toughness  combination  and  forge¬ 
ability,  although  the  fatigue  strength  and  erosion  resistance  are  almost  the  same 
for  both  alloys. 

The  Young’ s  modulus  and  quality  factor  values  for  Ti-10-2-3  are  comparable  to 
those  for  Ti-6-4. 

A  20-inch  Ti-10-2-3  near  net  shape  model  blade  was  made  by  isothermal  forging. 
The  mechanical  properties  and  aicro  structure  of  the  Ti-10-2-3  model  blade  are 
uniform  from  root  to  airfoil. 
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Fig.  3  S-N  curves  of  fatigue  in  air 


Fig.  4  S-N  curves  of  fatigue  in  80  °C  salt  water 
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Fig.  5  Droplet  erosion  at  55*C 
droplet  velocity  400a/s 
exposure  tine  30ain. 


Fig.  7  Isotheraally forged  500am 
Ti-10V-2Fe-3Al  aodel  blade 


Fig.  6  Effects  of  temperature 
on  flot  stress 
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Fig.  8  Oxygen  rich  layer  of  blade 
surface  as  forged  and  heat 
treated  condition 


Fig.  9  Macro  structure  of  Ti-10V-2Fe-3Al  model  blade 
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Fig.  10  Micro  structure  of  Ti-10V-2Fe-3Al  model  blade 
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Abatract 

The  recent  development  of  7 /a2  titanium  alualnidea  in  the  aeroapace  community 
have  alao  provided  an  excellent  material  alternative  for  hot  componenta  In 
gaaollne  enginea.  The  low  denaity  combined  with  elevated  temperature  atrength 
almllar  to  that  of  Nl-base  superallo.yi  make  TIAl-based  alloya  very  attractive 
for  high  performance  exhaust  valve  applications  where  high  temperatures 
preclude  the  use  of  conventional  titanium  alloys.  Lighter  weight  valve  train 
components  Improve  performance  and  permit  the  use  of  lower  valve  aprlng  loads 
thus  reducing  friction  and  Increasing  fuel  economy.  However,  the  difficult 
fabricablllty  and  a  perception  that  T1A1  alloys  are  high  cost,  low  volume 
aerospace  materials  must  be  overcome  In  order  to  permit  consideration  for  use 
In  hlgh-volume  automotive  applications.  This  paper  provides  a  comparison  of 
relevant  material  properties  for  exhaust  valves  among  several  alternatives. 
The  density  of  T1A1  alloys  Is  lover  than  T1  alloys  with  creep  and  fatigue 
propertlea  equivalent  to  IN-751,  a  current  high  performance  exhaust  valve 
material.  Manufacturing  alternatives  for  TIAl-based  valves,  and  technical 
Issues  Impeding  development  and  Implementation  of  TIAl-based  exhaust  valves  are 
also  discussed. 


Intrcductlgp 

The  need  for  more  fuel  efficient  automobile  engines  has  lead  to  serious 
consideration  of  materials  that  are  generally  considered  too  exotic  and 
expensive  for  the  automotive  industry.  The  use  of  7-based  titanium  aluminldes 
for  exhaust  valves  Is  one  example.  Within  certain  limits,  the  Increased  cost 
of  such  components  may  be  Justifiable  when  measured  against  alternate  means  of 
achieving  fuel  economy  Improvements,  reduced  vehicle  emissions  and/or 
performance  enhancements.  One  of  the  most  promising  applications  of  light 
weight  materials  Is  In  the  valve  train,  where  lowering  Inertial  weights  leads 
directly  to  significant  Increases  In  fuel  economy  and/or  performance  (engine 
RPM) .  Conventional  titanium  alloys  such  as  T1-6A1-4V  are  widely  viewed  as  a 
cost-effective  Intake  valve  material  (1).  Likewise,  elevated  temperature 
titanium  alloys  have  been  shown  to  be  cost  effective  and  durable  exhaust  valve 
materials.  However,  because  exhaust  valves  can  experience  temperatures 
exceeding  the  normal  use  temperatures  for  traditional  titanium  alloys,  durable 
exhaust  valves  can  only  be  assured  after  significant  engine  testing.  In  some 
current  and  future  engine  classes  exhaust  valve  temperatures  exceed  those  at 
which  conventional  titanium  alloys  can  confidently  be  utilized. 
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A  strong  candidate  material  for  lightweight  exhaust  valves  in  such  engines  are 
alloys  based  on  the  7/a2-tltanium  aluminide  system.  These  materials  can  compete 
well  with  other  material  alternatives  developed  for  elevated  temperature  valves 
in  terms  of  both  cost  effectiveness  and  performance.  This  paper  will  review 
the  benefits  of  TlAl -based  valves,  provide  an  overview  of  the  design 
requirements  such  valves  must  meet,  and  compare  the  relevant  physical  and 
mechanical  properties  with  other  lightweight  and  conventional  exhaust  valve 
materials.  Low-cost  manufacturing  and  implementation  issues  will  be  described. 


Lightweight  Valve  Benefits 

In  contrast  to  the  steel  valves  widely  employed  in  production  automobile 
engines,  titanium  aluminide  valves  offer  the  advantages  of  higher  operating 
temperature  capability  and  lighter  weight.  As  mentioned  above,  higher 
temperature  capability  makes  light  weight  exhaust  valves  a  possibility  in 
applications  where  high  temperatures  preclude  the  use  of  titanium.  Moreover, 
when  manufacturing  processes  are  fully  developed  titanium  aluminide  valves  may 
be  less  expensive  than  currently  used  high  temperature  valves  made  of  nickel 
based  superalloys. 

There  are  three  benefits  which  may  be  available  by  the  use  of  light  weight 
engine  valves:  higher  fuel  economy,  better  performance  and  reduced  noise  and 
vibration.  The  magnitude  of  each  has  been  analytically  calculated  and 
experimentally  confirmed.  These  benefits  are  possible  because  lighter  weight 
valvetralns  require  lower  valve  spring  loads  to  achieve  the  same  level  of 
performance.  The  mechanical  friction  which  must  be  overcome  in  order  to 
operate  the  valvetrain  is  proportional  to  the  spring  load,  reductions  of  which 
thus  improve  engine  efficiency  (fuel  economy).  The  size  of  this  benefit  is 
highly  specific  to  the  particular  engine  and  valvetrain  configuration. 
However,  in  valvetralns  not  employing  roller  follower  mechanisms  (an  alterna¬ 
tive  low  friction  design)  gains  ranging  between  2  and  5%  have  been  predicted 
(1-2)  through  the  use  of  titanium  or  ceramic  valves  both  of  which  are  about  40% 
lighter  than  steel.  Titanium  aluminide  valves  would  offer  at  least  this  level 
of  weight  savings.  Performance  improvements  Involve  an  Increase  in  the  high 
speed  capability  of  the  valvetrain  (ability  to  operate  at  engine  rpm)  and/or 
more  aggressive  valve  events  (faster  opening  and  closing  of  the  valves).  To 
Improve  these  operating  characteristics  with  current  valvetralns  requires  an 
Increase  in  valve  spring  loads.  Reducing  the  weight  of  the  valves  can  produce 
the  same  benefits.  One  experimental  measurement  (1)  Indicated  that  the  high 
speed  capability  of  a  valvetrain  Increased  by  more  than  600  rpm  through  the  use 
of  titanium  valves.  In  another  study  (2),  it  was  calculated  that  the 
performance  Improvement  could  be  as  high  as  a  5%  increase  in  power  output.  The 
use  of  light  weight  valves  thus  produces  the  opportunity  to  trade  off  Improved 
performance  with  better  fuel  economy.  Finally,  reduced  spring  loads  lower  the 
noise  generated  by  the  Impact  of  the  valves  closing  against  the  valve  seats  and 
in  some  designs,  lighter  valves  reduce  unbalanced  shaking  forces  generated  by 
the  motion  of  the  valvetrain  components.  The  magnitude  of  these  benefits 
should  be  proportional  to  the  weight  and  spring  load  reductions.  Several 
subjective  evaluations  have  indicated  reductions  in  the  noise  produced  by 
engine  with  lighter  weight  valves,  but  due  to  the  complex  and  numerous  sources 
of  noise  in  a  running  engine  no  definitive  measurements  have  yet  been  reported. 


Deslsn  Requirement! 

Engine  exhaust  valves  experience  severe  operating  conditions  which  include 
elevated  temperatures,  corrosive  environments,  cyclic  and  creep  loading  and 
wear.  This  can  potentially  lead  to  a  number  of  failure  modes  Illustrated  In 
Figure  1.  The  determination  of  the  suitability  of  a  material  for  an  exhaust 
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valve  is  complicated  by  the  fact  that  exhauit  valve  materials  are  often 
selected  based  on  rules  of  thumb  and  what  has  previously  worked  in  similar 
engines  (the  carry-over  design  approach)  all  coupled  with  extensive  durability 
testing.  Thus  detailed,  quantitative  information  concerning  actual  valve 
material  requirements  is  often  difficult  to  obtain. 

One  of  the  most  Important  Issues  in  valve  material  selection  is  the  valve 
temperature.  For  exhaust  valves  in  spark  ignited  gasoline  engines  the  maximum 
temperature  occurs  at  the  valve  stem/underhead  blend  area  (Figure  1).  These 
maximum  temperatures  are  highly  engine  dependent  but  typically  range  from  650 
to  800  C,  for  conventional  austenitic  steel  exhaust  valves.  Higher 
temperatures  necessitate  the  use  of  more  expensive  Ni-base  superalloy  valves. 
A  desire  for  higher  temperature  exhaust  valves  has  provoked  great  Interest  in 
TiAl-based  valves  as  a  lightweight  alternative  for  temperatures  greater  than 
the  capabilities  of  conventional  titanium  alloys. 

Stresses  also  vary  with  location  in  the  valve.  Under  normal  operating 
conditions,  the  highest  stresses  are  in  the  valve  underhead  region  (A  in  Figure 
1)  and  the  seat  area  and  are  in  the  range  of  35-70  MPa.  These  stresses  are, 
however,  highly  dependent  on  valve  geometry,  combustion  gas  pressure  and 
alignment  (3).  Creep  deformation  can  occur  in  this  region  if  the  creep 
strength  of  the  material  is  Inadequate.  Fatigue  can  occur  in  the  stem/blend 
area  (location  B  in  Figure  1)  where  high  temperatures  can  also  occur.  Under 
operating  conditions  where  the  valve  is  properly  aligned  with  the  valve  seat, 
stresses  in  this  region  are  less  than  20  MPa  (6).  However,  when  significant 
misalignment  occurs  due  to  such  factors  as  seat  distortion,  the  bending 
stresses  can  rise  to  100-200  MPa  (4,5). 
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Figure  1.  Potential  valve  failure  modes. 

Deformation  in  the  valve  seat  region  is  also  a  serious  issue.  For  valve 
material  selection  hot  hardness  is  often  used  as  a  measure  of  valve  seat 
peenlng  resistance.  Where  hot  hardness  is  insufficient,  the  application  of 
thick  hardfaca  coatings  such  as  Stellite  or  VC  is  an  option,  at  an  additional 
coat  penalty.  In  addition  the  seat  area  is  susceptible  to  corrosion/oxidation. 
Wear  is  an  Important  issue  in  both  the  stem  region  of  the  valve  as  well  as  at 
the  valve  tip.  This  is  most  often  solved  using  wear  resistance  coatings  and 
hardened  steel  tips  for  steel  and  titanium  valves. 

An  obvious  question  with  regard  to  brittle  materials  like  T1A1  alloys  is 
whether  the  low  ductility  of  these  materials  precludes  them  from  being  serious 
valve  candidates.  At  present,  there  are  no  firm  guidelines  for  usage  of  low- 
ductility  materials.  However,  there  are  no  significant  assembly  deformations 
which  necessitate  high  room  temperature  ductility  and  service  stresses  are 
generally  not  thought  to  be  high  enough  to  cause  brittle  failure  in  TiAl 


alloys.  Tha  largest  atraln  a  valve  naada  Co  accommodate  la  f roa  seating  onto 
a  elsallgned  and/or  dlsCortad  seat.  The  ealn  requirement  Is  consistent 
mechanical  properties  from  coeponent  to  coeponent.  These  factors  combined  vlth 
the  extensive  data  baae  on  caraalc  valves  (5,6)  suggest  that  T1A1  alloya  era 
reasonable  candldatea  for  exhaust  valves.  However,  extensive  coeponent 
development  and  durability  tasting  will  be  required. 


Material  Property  Comparison 

As  described  previously,  In  order  to  be  a  promising  exhaust  valve  candidate  a 
material  must  meet  many  stringent  physical  and  mechanical  requlrementa .  In 
this  section,  relevant  physical  and  mechanical  properties  of  two  common  exhaust 
valve  materials  and  three  lightweight  exhaust  valve  material  candidates  are 
compared.  The  materials  are  21-2N  an  austenitic  valve  steel,  IN-751,  IMI-834 
an  example  of  a  high  temperature  titanium  alloy  (either  T1-6242S  or  Tl-1100 
could  also  be  used),  S13N4  ceramic  and  the  wrought  T1A1  alloy  T1-48A1-1V-0.2C 
(att)  which  la  an  early  version  of  ”j/aj  titanium  alumlnlde  alloys.  Table  1 
lists  the  density,  thermal  conductivity,  elastic  modulus  and  coefficient  of 
thermal  expansion  (CTE)  of  each  material.  An  optimum  exhaust  valve  material 
would  have  the  following:  a  low  denalty  for  elnlmum  valva  mass;  high  thermal 
conductivity  to  reduce  valve  temperature  and  temperature  gradients,  thereby 
Increasing  the  valve  operating  range  and  decreasing  thermal  stresses;  low  CTE 
to  reduce  thermal  atralns;  and  a  modulus  which  is  low  enough  to  enable  valve 
sealing  on  a  distorted  seat,  yet  with  adequate  stiffness  for  good  valve  train 
dynamics.  TIAl-based  materials  have  a  lower  modulus  and  higher  CTE  than 
silicon  nitride  with  a  better  combination  of  all  of  these  physical  properties 
than  either  common  exhaust  valve  material  (21-2N  or  IN-751)  and  significantly 
higher  thermal  conductivity  than  conventional  titanium  alloys. 

Table  1.  Physical  Properties  of  Exhaust  Valve  Materials 


Material 

Density 

(g/cc) 

Thermal  (W/m-K) 
Conductivity 

25  C  760  C 

Young’s  (GPa) 
Modulus 

25  C  760  C 

CTE  (70-760  C) 
(pm/m/  C) 

21-2N 

7.7 

25 

200 

18.4 

IN-751 

8.3 

12 

23 

210 

150 

14.9 

TIAl-based 

3.9 

22 

28 

170 

145 

12.2 

IMI-834 

4.5 

7 

16 

114 

9  ' 

bmibi 

3.2 

38 

22 

310 

3.8 

Mechanical  properties  often  evaluated  for  valve  materials  are  tensile  and  yield 
strength,  elongation,  stress  for  It  creep  strain  in  100  h,  fatigue  strength  and 
hardness  from  room  temperature  to  the  maximum  use  temperature.  Table  2  shows 
literature  values  of  these  properties  (except  hardness)  for  the  five  exhaust 
valve  materials  previously  described.  The  tensile  properties  are  used  as  an 
Initial  evaluation  of  a  candidate  material.  T1A1  alloys  have  lower  room 
temperature  tensile  properties  than  all  of  the  other  candidates  except  S13N4 
(silicon  nitride  tensile  strengths  a^e  an  average  value).  However,  at  815  C 
the  tensile  properties  of  T1A1  surpass  both  21-2N  and  IMI-834  and  are  almllar 
to  IN-751  and  silicon  nitride.  However,  of  more  relevance  to  use  as  an  exhaust 
valve  are  the  fatigue  and  creep  properties  of  the  candidate  materials,  y/aj 
titanium  alumlnides  have  similar  room  temperature  fatigue  characteristics  to 
all  the  other  materials  and  superior  elevated  temperature  creep  and  fatigue 
properties  to  21-2N  and  IMI-834  and  nearly  equivalent  properties  to  IN-751. 


Table  2.  Mechanical  Properties  of  Exhauat  Valve  Materlala 


HI 

CC) 

IN-751 

(7.8) 

TiAl-based 

(9,10,11) 

IMI-834 

(12) 

si3n< 

(13,14)  | 

mm 

21 

710 

630 

300-550 

890 

(MPa) 

760 

280 

450 

280 

815 

240-400 

U.T.S. 

21 

1040 

1170 

350-600 

960 

524  5 

(MPa) 

760 

400 

550 

420 

815 

300-500 

510 

Plastic 

Elongat¬ 

ion 

(*) 

21 

7 

25 

0. 5-2.5 

5 

760 

16 

10 

50 

815 

>25 

Smooth 

Bar 

Fatigue 
Strength 
107  (MPa) 

21 

520 

275-450 

425 

400 

760 

175 

150 

815 

275 

175-250 

100  Hr 

732 

130 

330 

1%  Creep 
(MPa) 

760 

55 

815 

175 

150 

35 

Figure  2  shows  hardness  as  a  function  of  temperature  for  21-2N,  IN-751  and 
three  binary  Tl-Al  alloys  (14).  Hardness  Is  used  as  an  indicator  of  the 
resistance  to  valve  seat  peenlng  and  wear.  The  hardness  of  Ti-Al  alloys  Is 
very  dependent  upon  composition  with  lower  aluminum  contents  having  a  higher 
hardness  at  all  temperatures  tested.  The  hardness  of  all  the  binary  Tl-Al 
alloys  examined  Is  greater  than  21-2N  and  the  T1-A7.5A1  only  slightly  reduced 
to  IN-751.  However,  the  use  of  Ti-Al  alloys  with  aluminum  contents  as  low  as 
A5.5  at!  may  be  precluded  because  of  significantly  reduced  ductilities.  The 
physical  and  mechanical  properties  of  7/a2  titanium  aluminldes  are  thus 
comparable  to  IN-751  and  superior  to  IMI-83A  and  21-2N  for  high  temperature 
exhaust  valve  applications  with  the  potential  to  reduce  valve  mass  by 
approximately  50%  relative  to  IN-751  and  21-2N  valves. 


Manufacturing  Issues 

Traditionally,  valves  are  fabricated  by  either  hot  forging  a  complete  valve 
blank  or  by  inertial  welding  a  hot  forged  valve  head  to  the  stem.  Currently, 
this  technology  will  not  be  suited  to  manufacturing  of  TiAl-based  valves 
because  of  its  poor  hot  forgabillty  and  the  high  cost  of  isothermal  forming. 
Several  alternative  manufacturing  technologies  which  are  currently  under 
evaluation  for  titanium  and  titanium  aluminide  components  and  that  would  be 
applicable  to  valves  are  investment  casting  (15,16),  permanent  mold  casting 
(17)  and  reactively-sintered  elemental  powders  (18).  All  of  these  processes 
present  cost/property  tradeoffs  and  process  selection  which  will  depend  on  the 
property  requirements  necessary  to  produce  a  durable  valve  for  a  given  engine. 
Valves  processed  by  any  of  these  routes  can  be  fabricated  in  either  a  one-piece 
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or  two-piece  configuration  with  a  valve  stem  of  TiAl-based  material  or  some 
other  alloy  (e.g.  titanium)  selected  on  the  basis  of  cost  and  performance. 


Temperature  (C) 

Figure  2.  Hardness  as  a  function  of  temperature. 


The  ability  to  routinely  maintain  alloy  chemistry  within  a  narrow  range  (46  to 
48  at%  Al)  of  aluminum  content  may  be  a  stumbling  block  in  the  production  of 
high  volume  components.  Along  with  chemistry  maintenance  a  heat  treatment 
schedule  must  be  developed  that  will  produce  consistent  properties  over  the 
range  of  alloy  chemistries  produced.  A  desired  high  ductility  microstructure 
may  necessitate  heat  treatment  in  the  a  +  j  phase  field  (Figure  3)  with 
approximately  a  50/50  phase  mix  +/-  25%.  If  the  heat  treatment  were  to  deviate 
outside  these  bounds,  excessive  grain  growth,  and  hence  poor  properties  could 
occur.  Box  A  in  Figure  3  illustrates  narrow  chemistry  control  and  the 
subsequent  large  heat  treatment  window  available  to  satisfy  the  0/7  volume 
fraction  constraints.  Box  B  in  Figure  3  demonstrates  the  much  smaller  heat 
treatment  window  available  if  the  full  46  to  48  at%  Ai  range  were  utilized  In 
processing.  If  the  alloy  chemistry  window  were  1  at%  wider  it  would  be 
impossible  to  heat  treat  all  components  at  the  same  temperature  and  stay  within 
the  phase  fraction  bounds  outlined  above.  Hence,  the  ability  to  control  alloy 
chemistry  and  heat  treatment  will  be  key  to  low/cost  high  volume  manufacturing 
of  valves. 


Implementation  Issues 

From  a  property  perspective,  the  material  comparison  above  indicates  that  Ti-Al 
alloys  are  viable  candidates  for  exhaust  valves.  However,  as  previously 
pointed  out,  a  key  technical  issue  which  must  be  understood  is  whether  brittle 
materials  such  as  ceramics  and  T1A1  can  be  used  in  high  production  volume 
engine  applications.  The  level  of  tensile  ductility,  or  perhaps  more 
Importantly,  resistance  to  notched  fatigue  and  Impact,  for  successful  valve 
applications  must  be  determined.  Analytical  efforts  as  well  as  extensive 
durability  testing  will  be  required. 

More  important  than  performance  concerns  are  Issues  related  to  the  cost 
effective  manufacture  of  high  volumes  of  components.  For  a  typical  engine,  as 
many  as  1-2  million  exhaust  valves  are  required  annually.  At  a  weight  30  g  per 
valve  this  results  in  approximately  80,000  kg/yr  of  input  material  (assuming 
a  75%  material  efficiency).  To  supply  such  materials  and  components,  major 
Investments  in  manufacturing  process  development  and  capital  equipment  are 
required.  Because  of  the  difficulty  in  obtaining  long  range  commitments  from 
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automotive  manufacturers  such  investments  are  not  often  made.  Despite  this 
fact,  significant  commitments  have  been  made  by  select  members  of  the  advanced 
materials  community  (15-18)  to  develop  high  volume  manufacturing  capability  of 
titanium  alumlnides  for  the  automotive  market.  This  suggests  that  these 
material  and  component  suppliers  believe  that  such  technology  is  a  good 
Investment. 


Figure  3.  Ti-Al  phase  diagram. 

It  Is  clear  that  the  cost  of  -j/a2  titanium  alumlnide  exhaust  valves  will  exceed 
those  of  conventional  austenitic  steel  valves.  However,  pressure  for  increased 
engine  performance  and  enhanced  fuel  economy  may  lead  to  a  greater  demand  for 
lightweight  valves  with  Improved  temperature  capability.  TiAl  valve  technology 
will  also  have  to  compete  with  alternative  means  of  accomplishing  the 
performance  and  fuel  economy  improvements  demanded  by  competitive  and 
legislative  pressures. 
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The  physical  and  mechanical  properties  of  l/a2  titanium  alumlnides  make  them  an 
excellent  candidate  material  for  exhaust  valves  in  gasoline  engines.  The  low 
density  combined  with  elevated  temperature  strength  similar  to  that  of  Ni-base 
superalloys  make  TIAl-based  alloys  very  attractive  for  high  performance  exhaust 
valve  applications  where  high  temperatures  preclude  the  use  of  conventional 
titanium  alloys.  However,  the  low  ductility,  difficult  fabricabllity  and  a 
perception  that  T1A1  alloys  are  high  cost,  low  volume  aerospace  materials  must 
be  overcome  In  order  to  permit  consideration  for  use  in  high-volume  automotive 
applications.  Low  ductility  concerns  can  be  overcome  with  extensive  durability 
testing  and  modelling.  Fabrication  issues  need  to  be  addressed  through 
commitment  to  develop  a  manufacturing  process  that  will  produce  a  cost 
effective  and  functional  titanium  alumlnide  for  exhaust  valves,  rather  than  the 
best  titanium  alumlnide  at  any  cost. 
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Abstract 

The  metastable  beta-type  Til5Mo5Zr3Al  alloy  complies  well  with  selection 
criteria  of  a  dedicated  material:  (i)  the  metal  is  tissue-compatible  and  comprises 
no  cell-toxic  component  such  as  vanadium,  (ii)  it  has  high  strength  and  the  ratio 
of  yield  strength  to  elastic  modulus,  i.e.  the  admissible  strain,  exceeds  even  the 
quality  of  the  natural  material  (bone),  and  (iii)  it  allows  various  fabrication 
routes  by  machining  and  especially  by  lower-cost  "near-net-shape"  methods. 

Introduction  -  today's  metals  for  surgery 

National  and  international  material  standards  for  orthopaedic  and  fracture 
treatment  implants  include  CrNiMo  stainless  steel,  the  cast  and  wrought 
CoCrMo(Ni)  alloy,  commercially  pure  titanium  and  the  TiAlV  alloy.  Devices 
made  from  these  metals  in  accordance  with  sound  metallurgical  practice  rarely  if 
ever  show  visible  corrosion  attack.  However,  the  comprehensive  retrieval  study 
of  Simpson  et  al.  [1)  with  fracture  plates  made  from  3  metals  reveals  variance. 
Clinical  symptoms  of  pain,  swelling  and  inflammation  were  reported  for  steel 
and  cobalt  alloy,  but  none  for  commercially  pure  (cp)  Ti.  Further,  biopsies  of  the 
contact  tissue  gave  high  counts  of  vessels  (capillaries,  arterioles,  venules)  for 
titanium  but  a  dense  connective  tissue  commonly  surrounded  steel  and  cobalt 
alloy  implants.  Such  findings  indicate  rejection  reactions  which  even  minimal 
corrosion  rates  cannot  avoid  [2,3]. 

Surgical  implants  transmit  forces  and  movement,  thus,  wear  and  fretting  is  not 
an  exception  and  produces  quantities  of  wear  particles.  That  enhances  the 
corrosion  reaction.  Conditions  are  unfavorable  for  titanium  and  its  oxide  which 
are  soft  materials  (the  scratch  hardness  in  Mohs  scale  is  4-5  for  titanium  metal 
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and  about  6  for  its  oxides,  to  be  compared  with  apatite  which  has  5) 
Troublesome  observations  of  tissue  reactions  with  prosthetic  devices  are  not 
seldom  [4-7].  Their  incidence  is  connected  with  the  alloy  comprising  the  highly 
cell-toxic  vanadium.  Same  reactions  are  seen  with  fracture  treatment  implants 
where  small  movements  of  the  screw  in  the  hole  of  the  bone  plate  are  inevitable 
and  tissue  impregnation  of  grey  colour  is  commonly  noted.  Loose  vascularized 
tissue  surrounds  pure  titanium  while  the  alloy  shows  a  prominent  foreign  body 
reaction  (fig.  1).  It  was  probably  an  error  to  adopt  that  material  for  bone  surgery. 

The  dedicated  metal 

For  a  "2nd  generation  metal  for  implants",  the  surgeon  rightly  expects  full  tissue 
compatibility.  Titanium  is  the  reference;  for  it,  no  case  of  systemic  and  local 
reaction  is  documented.  But  the  commercially  pure  metal  has  limited  strength 
even  in  cold-worked  state,  and  the  engineer  prefers  the  stronger  alloys  which 
further  allow  economic  processing  and  fabrication  methods. 

In  Handbooks  [see  8]  are  listed  20  alpha,  alpha-beta  and  beta  titanium  alloys.  17  of 
them  comprise  either  V,  Ni,  Sn,  Cr,  elements  which  are  known  or  suspected  of 
being  toxic  in  living  tissue  [9,  3].  Known  alloys  manifestly  do  not  comply  with  an 
"alloy  rule”:  No  toxic  component  [10].  But  the  beta-type  Til5Mo5Zr3Al  alloy  is 
candidate  for  a  dedicated  metal. 

High  mechanical  properties  are  needed  for  structural  efficiency  of  surgical 
implants  [10].  Their  volume  is  in  fact  restricted  by  anatomic  realities  what 
require  good  yield  and  fatigue  strengths  of  the  metal.  On  the  other  hand,  an 
implant  "bridges"  the  forces  in  bone,  i.e.  it  may  reduce  the  normal  physiological 
level  of  forces.  This  gives  advantages  to  a  "less-rigid"  bone  plate  or  hip  prothesis. 
Frequently  this  suggestion  is  associated  with  a  low  elastic  modulus,  comparable 
to  bone.  The  conjecture  is  misplaced;  a  true  comparison  must  refer  to  the  ratio  of 
yield  strength  and  Young's  modulus,  a  dimensionless  quantity  of  elastic  strain. 
The  engineer  calls  this  ratio  the  admissible  strain.  It  equals  0.67%  for  human 
cortical  bone.  Only  titanium  alloys  can  match  this  figure.  Another  concern  is 
damage  tolerance.  Titanium  alloys  offer  the  good  fracture  toughness  and 
ductility  at  much  higher  strength  levels  than  the  usual  metals.  Such  gains  in 
properties  improve  the  safety  of  surgical  materials. 


Figure  1  -  Sections  from  biopsies  at  retrieval  of  bone  fracture  plates 
made  from  cp  Ti  (at  left)  and  TiAlV  (at  right) 


Surgical  implants  are  produced  by  machining,  in  any  case  the  devices  made 
from  stainless  steel  or  titanium.  Economic  considerations  make  it  desirable  to 
consider  other  fabrication  processes,  and  titanium  alloys  provide  this  possibility. 

Properties  of  Til5Mo5Zr3Al  alloy 

The  system  was  studied  in  the  70  s  by  Japanese  metallurgists  [11, 12].  In  terms  of 
alpha-stabilizing  and  beta-stabilizing  equivalencies  [13),  the  specific  alloy  has  the 
prototypical  compositions  [Al]e„  =  3.8  wt.%  and  [Molgq  =  15  wt.%  and  thus  lies 
between  the  solute-lean  Beta-Ill  composition  with  equivalencies  2.5  and  11.5 
wt.%  respectively  and  the  solute-rich  Beta-C  alloy  with  coordinates  3.7  and  16.8 
wt.%.  For  these  alloys,  the  beta  phase  is  retained  after  quenching  to  room 
temperature,  and  for  TiMoZrAl  in  particular,  no  martensite  or  athermal  omega 
phase  is  observed.  Its  beta-transus  temperature  is  785  ±  15°C. 

Corrosion  resistance 

Potentiokinetic  tests  with  ground  samples  of  the  alloy  were  conducted  in 
deaerated  saline  and  in  2M  hydrochloric  acid  and  showed  current  densities 
comparable  with  cp  Ti  and  high  breakthrough  potentials  around  8V  [14].  For  the 
binary  Til6Mo  alloy,  corrosion  currents  in  physiological  fluids  are  about  11 
nA/cm2  [15]  and  in  vivo  measurements  give  4  nA/cm2  from  polarization 
resistance  [2].  Experiments  in  aerated  3%  NaCl  solution  show  polarization 
resistances  of  18  Mohmcm2  for  the  quaternary  alloy  and  electropolished 
samples,  independent  of  the  metallurgical  state.  From  that,  corrosion  current 
densities  below  2  nA/cm2  can  be  deduced,  even  better  than  that  of  cp  titanium. 

Tissue  tolerance 

Biological  acceptance  of  a  material  is  commonly  referred  to  an  implantation  test. 
That  may  not  be  enough.  Assessement  of  tolerance  needs  knowledge  of 
hydrolysis  of  reaction  products  of  corrosion  and  of  toxicity  levels  for  any 
component  of  an  alloy  [3].  Toxicity  tests  have  been  done  by  Gerber  et  al.  [16]  in 
quantifying  the  growth  inhibition  of  embryonic  rudiments  exposed  to  a  culture 
medium  to  which  salts  of  metals  are  added.  The  oxides  of  Ti,  Zr,  Al  have 
solubilities  in  the  pM  range.  Oxides  of  Mo  (valency  VI  and  IV)  are  more  soluble. 
No  growth  inhibition  was  found  for  Ti,  Zr,  Al  at  saturation  in  the  culture 
medium  and  for  Mo  at  concentrations  up  to  mM.  The  new  metal  is  safe. 

Fabrication  and  heat  treatine 


The  advantages  of  beta  alloys  are  their  high  strength  and  toughness.  In  addition, 
the  hot  and  cold  workability  of  these  alloys  can  give  substantial  cost  savings  in 
manufacturing  In  fact,  any  of  the  interesting  "fabrication  routes”  is  feasible, 
namely  "hot-forge  at  temperatures  around  beta-transus  +  age",  or  "solution- 
heat-treat  +  shape  by  cold-forming  +  age",  or  "age  (evt.  preceeded  by  cold¬ 
working)  +  machine".  Clearly,  the  forming  operations  will  influence  the 
properties  of  the  product  and  any  of  these  "routes"  has  its  own  processing 
window. 


Mechanical  properties 


Tables  I  and  II  give  data  for  TiMoZrAl,  2  other  beta  alloys  (Beta-C,  Beta-Ill)  and 
several  comparison  materials  for  the  use.  Standardized  samples  served  for  all 
tensile  tests.  Young's  modulus  was  obtained  with  ultrasonic  methods  (applying 
an  averaging  over  directions  for  longitudinal  and  transverse  modes).  In  the 
tables,  SHT  means  solution-heat-treated,  A  is  aged,  CW  is  cold-worked,  FOR 
refers  to  forged  and  numbers  are  temperatures  in  °C  or  cold-work  in  %. 

Beta  alloys  have  a  tendency  for  tensile  instability  in  the  SHT  state  and  for  higher 
aging  temperatures.  On  the  other  hand,  the  notched-tensile  strength  is  reduced 
for  low  aging  temperatures  and  the  same  metallurgical  condition  induces  low 
ductility  and  toughness.  Such  properties  are  not  desirable  for  surgical  implants 
and  impose  strict  limits  for  a  processing  window.  Higher  aging  temperatures  are 
favoured,  contrary  to  recipes  suggested  ordinarily  for  beta  alloys. 

The  TiMoZrAl  alloy  has  good  strength  and  ductility  and  compares  well  with 
other  beta  alloys.  It  is  also  a  tough  material  with  high  fracture  and  notched- 
tensile  strength.  Performances  exceed  those  of  alpha-beta  alloys,  as  expected. 

Fatigue  resistance 

Fatigue  tests  of  the  3  beta  alloys  and  the  comparison  materials  were  performed 
on  smooth,  hour-glass  shaped  and  notched  specimens  (small  diameter  5.68 
mm)  in  rotating-bending  loading  at  6000  rpm  (SCHENK  equipment).  Test 
samples  of  beta  alloys  have  been  solution-treated  or  cold-worked  or  forged 
respectively,  then  machined  and  aged.  Vibratory  finishing  and  electropolishing 
followed  for  all  samples  and  materials. 

Table  I  -  Mechanical  properties  of  TiMoZrAl  and  other  materials 
(engineering  data) 


TE-ST 

YI-ST 

EL-FR 

REAR 

YO-MO 

TiMoZrAl  SHT840 

882 

870 

20.1 

83.2 

75 

SHT740 

975 

968 

16.9 

64.5 

88 

SHT740-A600 

1099 

1087 

15.3 

57.5 

113 

CW45-A600 

1312 

1284 

11.3 

43.8 

FOR750-A600 

1177 

1173 

15.0 

55.0 

TiAIVCrMoZr  SHT740-A550 

1120 

1050 

14.5 

43.1 

97 

CW50-A550 

1420 

1366 

9.8 

29.2 

102 

TiMoZrSn  A600 

1010 

1002 

17.8 

56.0 

Ti6A14V 

1076 

940 

14.7 

40.0 

110 

Ti6A17Nb 

1024 

921 

14.0 

42.0 

110 

Ti5A12.5Fe 

1033 

914 

15.6 

39.0 

110 

cp  Ti(gr.4)  cold-worked 

785 

692 

18.3 

40.0 

105 

316L-ESR  annealed 

557 

421 

39.3 

86.0 

cold-worked 

957 

730 

21.4 

73.0 

190 

Unit 

MPa 

MPa 

% 

% 

GPa 

Legend:  TE-ST  is  ultimate  tensile  strength,  YI-ST  is  yield  strength,  EL-FR  is 
elongation  to  fracture  (gagelength/diameter  =  5),  RE-AR  is  reduction  of  area  at 
fracture,  YO-MO  is  Young’s  modulus. 


Table  II  -  Mechanical  properties  of  TiMoZrAl  and  other  materials  (true 
data,  toughness,  fatigue) 


_ 1 

1  FR-ST 

T-E-F 

N-T-S 

FR-TO  E7-FA 

TiMoZrAl 

SHT840 

178 

1391 

SHT740 

1648 

104 

1569 

145 

SHT740-A600 

1741 

86 

1569 

77 

560 

CW45-A600 

1672 

58 

1585 

31 

580 

FOR750-A600 

1710 

80 

33 

640 

TiAlVCrMoZr 

SHT740-A550 

1616 

56 

1550 

500 

CW50-A550 

1751 

35 

1685 

610 

TiMoZrSn 

A600 

1555 

82 

1482 

510 

Ti6A14V 

1429 

51 

1598 

70 

540 

Ti6A17Nb 

1400 

54 

1387 

540 

Ti5A12.5Fe 

1424 

50 

1301 

580 

cp  Ti(gr.4)  cold-worked 

1095 

51 

1387 

430 

3161-ESR  annealed 

2085 

195 

816 

cold-worked 

1992 

131 

1689 

440 

Unit 

MPa 

% 

MPa 

MPam1# 

MPa 

Legend:  FR-ST  is  fracture  stress,  T-E-F  is  true  elongation  at  fracture,  N-T-S  is 
notched-tensile  strength  (Kt=3.2),  FR-TO  is  fracture  toughness,  E7-FA  is 
endurance  limit. 

Table  III  gives  representative  results  for  beta  alloys  and  comparison  materials 
used  in  bone  surgery.  Data  for  the  low-cycle  and  the  high-cycle  fatigue  regime 
refer  to  service  conditions.  The  endurance  limit  is  certainly  essential  for 
(permanent)  prosthetic  devices  but  a  (low-cycle)  overload  situation  is  in  most 
cases  at  the  origin  of  early  implant  failures  in  internal  fixation  of  fractures 
(temporary  splint).  The  beta  alloy  has  a  much  higher  fatigue  limit  than  the 
classical  metals  and  has  some  advantage  compared  with  alpha-beta  titanium 
alloys.  The  (low-cycle)  fatigue  strengths  of  beta  alloys  also  are  markedly  better 
than  those  of  other  metals. 

For  the  notched-fatigue  tests,  the  specimens  have  been  machined  and  no  surface 
treatment  followed.  According  to  the  table,  the  fatigue  limits  under  these 
conditions  do  essentially  not  vary  with  the  material,  nor  the  metallurgical  state 
in  the  case  of  beta  alloys.  The  fatigue  notch  factor,  i.e.  the  ratio  of  the  fatigue 
strength  of  a  smooth  specimen  to  the  fatigue  strength  of  a  notched  specimen, 
however,  does  change.  This  factor  is  about  equal  to  the  stress  enhancement  due 
to  the  notch  in  the  case  of  beta  alloys  but  much  less  for  the  classical  metals  what 
signifies  that  an  intrinsic  strength  is  well  “utilized"  for  the  titanium  alloy. 

Figure  2  shows  some  interesting  fatigue  curves.  Known  materials  (cold-worked 
stainless  steel  and  cp  Ti)  are  compared  to  the  new  beta  alloy.  The  gain  in  strength 
for  the  high-cycle  and  low-cycle  regime  is  apparent.  It  is  further  remarked  that 
the  transition  from  the  falling  (low-cycle)  part  in  the  fatigue  curve  to  the  flat 
portion  of  the  S-N  curve  is  around  1E+5  cycles  for  the  titanium  alloys  but 
around  1E+6  cycles  for  steel.  The  sensitivity  to  surface  effects  is  also  shown 
Electropolishing  suppresses  influences  of  roughness  (curve  in  middle).  Another 
factor  is  change  of  surface  properties.  Results  are  unfavourable  if  aging  is  the 


Table  Ill  -  Data  from  rotating-bending  and  tensile  tests 


+4FA 

>7-FA 

>7-NF 

TE-ST 

HrFR 

TiMoZrAl  SHT740-A625 

890 

190 

1063 

17.7 

CW50-A625 

900 

580 

200 

1225 

13.7 

FOR750-A625 

880 

640 

TiAIVCrMoZrAl  CW57-A600 

920 

610 

200 

1221 

14.1 

TiMoZrSn  CW57-A550 

890 

560 

1240 

12.1 

Ti6A14V 

540 

1076 

14.7 

Ti6A17Nb 

810 

540 

170 

1024 

14.0 

cpTi  cold-worked 

670 

430 

180 

785 

18.3 

316L-ESR  cold-worked 

820 

440 

.210 

957 

21.4 

Unit 

MPa 

MPa 

MPa 

MPa 

% 

Legend:  +4-FA  is  low-cycle  regime  fatigue  strength  (1E+4  cycles),  >7-FA  is  (high- 
cycle)  fatigue  limit  (more  than  1E+7  cycles),  >7-NF  is  fatigue  limit  for  notched 
samples  (Kt  =  2.8). 
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log  CYCLES  TO  FAILURE  log  CYCLES  TO  FAILURE 

Figure  2  -  Stress  amplitude  to  number  of  cycles  for  smooth  and 
notched  specimens.  Left:  Stainless  steel  o,  cpTi  i  ■  Right:  TiMoZrAl 
SHT740-A625  electropolished  4,  aged  after  electropolishing  v,  shot 
peened  before  electropolishing  5 ;  notched  (machined)  □ . 

last  operation  (lower  curve).  Oxygen  and  nitrogen  react  wit!  titanium  to  form  a 
brittle  surface  layer  (called  "alpha  case")  and  fissures  can  be  produced  [17]. 
Residual  stresses  are  a  3rd  factor;  shot  peening  has  a  beneficial  effect  (curve  on 
top  in  fig.  2  at  right).  Altogether,  the  beta-type  alloys  react  in  much  the  same  way 
to  these  factors  as  does  Ti6A14V  [see  18]. 


Titanium  has  a  severe  tendency  to  gall,  a  phenomenon  which  is  connected  to  its 
high  chemical  reactivity.  The  beta  alloy  makes  no  exception.  Rubbing  contact 
occurs  for  surgical  implants.  Experiments  in  NaCl-solution  gave  friction 
coefficients  of  0.43  to  0.53  for  stainless  steel,  unalloyed  Ti  and  the  aged  beta  alloy. 
Wear  and  fretting  of  Ti  and  the  beta  alloy  was  higher  than  that  of  steel  by  up  to  a 
factor  of  2.  The  only  quenched  beta  phase  has  unfavourable  friction  (0.82)  and 
wear  (higher  by  factor  3).  Such  properties  are  a  nuisance  and  require  special 
treatments  to  avoid  fretting  fatigue,  or  to  ease  cutting  operations. 

2.M4 


Til5Mo5Zr3Al  is  a  most  attractive  "2nd  generation  metallic  biomaterial". 
Among  known  metals,  it  has  lowest  corrosion  currents  and  the  "unwanted 
reaction  product  (of  corrosion)"  is  not  cell-toxic  or  capable  of  reactions.  The  alloy 
is  equally  attractive  for  its  good  mechanical  properties.  Several  reduced 
quantities  are  considered  in  table  IV.  A  first  one  is  yield  strength  which  has  to  do 
with  load  capacity  and  distortion  failures  of  surgical  implants.  These  devices 
carry  functional  loads  and  the  effect  of  a  permanent  deformation  is  self-evident; 
it  means  loss  of  function  or  anatomic  reconstruction.  The  gain  is  a  factor  of  1.6 
for  beta  and  1.3  for  alpha-beta  alloys  when  using  figures  in  the  table.  The  2nd 
quantity  is  admissible  strain.  Differences  for  materials  are  large.  The  actual  metal 
of  fracture  treatment  implants  has  0.38%  what  is  about  half  the  ratio  for  bone. 
The  new  metal  allows  reversible  deformations  beyond  1%  what  is  1.6  times  the 
strain  capacity  of  cortical  (hard)  bone.  High  yield  and  elastic  strain  contribute  to 
make  the  alloy  a  "forgiving  metal"  in  clinic;  in  fact,  implants  should  have  spare 
strength  to  overcome  difficult  fracture  anatomy  and  lack  of  collaboration  by  the 
patient.  The  penalties  associated  with  implant  failures  are  always  great.  The 
following  entries  in  the  table  have  to  do  with  the  safety  of  surgical  implants.  The 
ratio  of  notched-tensile  strength  to  ultimate  tensile  strength  should  exceed  1.1 
and  the  critical  crack  length  (for  spontaneous  propagation)  should  be  inferior  to 
shape  variation  and  depth  of  (possible)  surface  defects  on  the  device.  The  figures 
for  the  beta  :  '.loy  are  favourable. 

Table  IV  -  Data  for  a  dedicated  metal 


YI-ST 

YI-ST 

YO-MO 

N-T-S 

TE-ST 

2/FR-TOa 
'YI-ST  ' 

Z-G-E 

TiMoZrAl  SHT 

1.10 

1.61 

14 

SHT-A 

1087 

1.06 

1.43 

3.2 

135 

CW-A 

1284 

1.14 

1.18 

0.4 

78 

TiAlV,TiAlNb,TiAlFe 

920 

0.84 

1.40 

4 

65 

cp  Ti  cold-worked 

692 

0.66 

1.77 

67 

316L-ESR  cold- worked 

730 

0.38 

1.77 

270 

Unit 

MPa 

% 

mm 

% 

Legend:  YI-ST/YO-MO  is  admissible  strain,  N-T-S/TE-ST  is  ratio  of  notched  and 
(smooth  sample)  tensile  strength,  2/n(FR-TO/YI-ST)2  equals  the  critical  crack 
length,  Z-G-E  =  RE-AR/  (1-RE-AR)  is  the  zero-gage-length  elongation. 

Another  property  derived  from  tensile  tests  has  to  do  with  fabrication;  it  is  the 
zero-gage-length  elongation  which  provides  a  measure  of  ductility  that 
correlates  with  cold-forming  operations  (in  which  the  gage  length  is  very  short). 
Elongations  exceeding  100%  allow  cold-forming.  Large  reductions  and 
complicated  shapes  can  be  imposed  in  the  solution-heat-treated  state  for  which 
the  work-hardening  coefficient  is  rather  low  (of  same  order  as  soft  steel).  The 
alloy  has  also  excellent  forgeability.  Die  or  isothermal  forging  can  be  done  below 
the  beta  transus,  i.e.  at  temperatures  where  surface  contaminations  are  not 
heavy  and  tooling  is  not  expensive.  Post  heat-treating  requirements  for  any 
secondary  fabrication  route  are  minimal;  it  suffices  to  remove  some  20pm  of 
metal  by  mechanical  and  chemical  surface  finishing.  The  new  alloy  for  surgical 
implants  has  capabilities  for  fabrication  which  no  other  metal  has. 
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LOU  MODULUS,  HICH  STRENGTH,  BIOCOMPATIBLE  TITANIUM  ALLOY 


FOR  MEDICAL  IMPLANTS 


K.  Hang,  L.  Guatavion  and  J.  Duablaton 

Hovmedica,  Pfizer  Hoapltal  Product*  Croup  Inc. 

359  Veteran*  Boulevard 
Rutherford,  Nav  Jersey  07070 

AB8TRACT 

A  nav  beta  tltanlua  alloy,  Tl-12Mo-6Zr-2F*  (TMZF)  wa*  developed  for  orthopaedic 
uie.  Thl*  alloy  haa  a  unique  combination  of  properties,  l.e.  low  modulus  of 
elasticity,  excellent  mechanical  strength,  corrosion  resistance,  and 
formabillty,  coupled  with  good  wear  and  notch  fatigue  resistance.  Also,  no 
vanadium  and  aluminum  in  this  alloy  offer  a  blocompatlblllty  advantage  over  the 
T1-6A1-4V  alloy.  The  processing  development,  metallurgical  characteristics, 
physical  and  mechanical  properties,  and  wear  resistance  of  this  new  alloy  are 
reported  here. 


imoccciigi 

The  most  widely  used  orthopaedic  alloy,  T1-6A1-4V,  Is  known  for  Its  excellent 
corrosion  resistance  and  good  mechanical  properties.  It  la  also  known  for  Its 
notch  fatlgua  sensitivity  and  relatlvsly  poor  wear  resistance.  High  levels  of 
titanium,  vanadium,  and  aluminum  debris  havs  been  found  In  surrounding  tissues 
under  conditions  of  high  wear.  Although  no  toxic  effect  has  been  connected  to 
these  debris,  safety  concerns  on  vanadium  and  aluminum  have  been  reported  since 
1980. 

Due  to  the  perceived  safety  concerns,  two  vanadium- free  tltanlua  alloys,  Tl- 
5A1-2.5F*  and  Tl-6Al-7Nb  were  developed  In  Europe  in  the  1980’s.1-2  Both  of 
these  alloys  offer  a  potential  blocompatlblllty  advantage  over  T1-6A1-4V  due 
to  the  absence  of  vanadium.  But  In  terms  of  mechanical  properties  they  are 
quite  similar  to  T1-6A1-4V  since  they  are  still  In  the  a-fi  alloy  family. 

Recant  finite  element  studies  suggest  that  a  lower  modulus  (more  flexible)  hip 
prosthesis  may  better  simulate  the  natural  femur  In  distributing  stress  to  the 
adjacent  bon*  tissue.1-4  Animal  studies  also  suggest  that  the  bone  resorption 
problem  commonly  experienced  by  hip  prosthesis  patients  may  be  alleviated  by 
a  proathesls  having  a  lower  modulus. 5-*  These  studies  aroused  significant 
Interest  In  producing  materials  with  a  lower  modulus  of  elasticity. 

The  preferred  orthopedic  tltanlua  alloy  should  have  a  lower  elastic  modulus, 
a  lower  notch  sensitivity,  and  a  better  blocompatlblllty  than  T1-6A1-4V.  In 
our  new  alloy  design,  beta  alloys  were  chosen  for  their  advantages  In  low 
modulus  and  lover  notch  sensitivity.  Vanadlun  and  aluminum  were  purposely 
avoided  while  more  biocompatible  elements,  l.e.  Ho,  Zr,  and  Fe  were  Introduced. 
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Our  recent  achievement,  Tl- 12Mo-6Zr-2Fe ,  Is  unique  In  having  a  modulus  of 
®l**tlclty  as  low  as  74  GPa,  excellent  mechanical  strength  and  corrosion 
resistance  coupled  with  good  wear  and  notch  fatigue  resistance.  As  will  be 
shown  In  this  paper  the  Tl-12Mo-6Zr-2Fe  alloy  Is  successful  In  meeting  the 
alloy  development  goals. 


Ai’wQi  msmm 

It  Is  very  difficult  to  produce  a  homogeneous  Tl-12Mo-6Zr-2Fe  ingot  using  the 
conventional  vacuum  arc  remelting  method,  because  Mo  and  Zr  have  a  much  higher 
melting  point  and  density  than  titanium.  Thus ,  a  triple  melting  technique, 
which  Included  two  vacuum  arc  remelts  and  one  electron  beam  or  two  plasma  arc 
remelts  and  one  vacuum  arc  remelt  was  developed  for  this  new  alloy.  One  45  kg 
pilot  lot  and  one  4545  kg  production  lot  of  25. 4-28. 6mm  diameter  bars  were 
successfully  produced  through  the  conventional  forging  and  rolling  process. 

Workability  of  the  new  alloy  was  excellent.  The  hot  rolled  bars  were  cold  drawn 
Into  rods  of  14mm  In  diameter  and  close-dle  forged  into  hip  prosthesis.  In  all 
trials,  Ti-12Mo-6Zr-2Fe  alloy  showed  excellent  hot  and  cold  formabilltles . 

fiHMAI  ALLOT  HICMSHWCTVM 

Tl - 12Mo- 6Zr- 2Fe  la  a  metastahle  beta  alloy  It  retains  an  all-beta  structure 
*ft*r  rapid  cooling  from  Its  beta  transus  temperature  of  754*C  or  higher.  The 
all-beta  structure  will  precipitate  fine  alpha  phases  upon  subsequent  aging. 

The  solution- annealed  single  beta  phase  Ti-12Mo-6Zr-2Fe  was  chosen  for 
orthopaedic  Implants  for  Its  low  modulus  (Figure  1). 


Figure  1  -  Microstructure  of  788  *C  (1450*F)  solution  annealed  TMZF. 

PHTSICAL  PROPERTIES 

The  physical  properties  of  Tl- 12Mo-6Zr-2Fe  alloy  are  listed  In  Table  I. 

The  thermal  expansion  of  Tl- 12Mo-6Zr-2Fe  alloy  was  measured  from  25  to  900*C 
In  accordance  with  ASTM  E-228  (Figure  2).  The  thermal  expansion  of  Tl-12Mo-6Zr- 
2Fe  alloy  Is  0.884%  between  25  and  900*C.  The  thermal  expansion  coefficient 
of  Tl-12Mo-6Zr-2Fe  Is  8.8  x  10*V*C  between  25  and  250*C;  and  11.5  x  10'a/*C 
between  525  and  900*C. 


A  departure  from  a  llnaar  raaponaa  becomes  evident  In  Cha  rang*  250  to  S25*C 
and  lndleataa  cryitalllna  transition*  of  bata  and  alpha  phasaa  In  this  alloy. 
At  temperature*  abova  550*C,  tha  alpha  praclpltatas  war*  ra-dlasolvad  Into  tha 
bata  aatrlx. 


The  modulus  of  Tl-12Mo-6Zr-2Fa  la  74-85  Gpa,  which  la  25%  lowar  than  that  of 
T1-6A1-4V.  Tha  density  of  this  alloy  la  12%  higher  than  that  of  T1-6A1-4V. 
The  hardness  of  this  alloy  la  slightly  higher  than  tha  Rc  31  of  T1-6A1-4V. 
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Figure  2  ■  Themal  expansion  of  TMZF  alloy  fron  25*  to  900*C 


TENSILE  PROPERTIES 

Tensile  testa  were  conducted  on  solution  annealed  Ti-12Mo-6Zr-2Fe  bars  at  room 
temperature  according  to  ASTM  E-8.  The  tensile  properties  of  Tl-12Mo-6Zr-2Fe 
and  T1-6A1-4V  are  listed  In  Table  II.  Results  show  thst  Tl-12Mo-6Zr-2Fe  has 
a  much  higher  yield  strength  and  batter  elongation  than  T1-6A1-4V.  As  noted 
In  the  physical  property  section  of  this  report,  the  elastic  modulus  of  Ti- 
12Mo-6Zr-2Fe  alloy  Is  lower  than  that  of  T1-6A1-4V. 


Table  II  •  Tensile  Properties  of  Solution  Annealed  Tl-12Mo-6Zr-2Fe 


Alloy 

YS  (MPa) 

UTS  (tel) 

EL  m 

RA  (\) 

E  (Goal 

THZF 

1000-1060 

1060-1100 

18  -  22 

64  -  73 

74  -  85 

T1-6A1-4V 

850  -  900 

960  -  970 

10  -  15 

35  -  47 

110 

EOTATIHC  BUM  FATIGUE  FIOPEETIH 

The  solution  annsalsd  Ti-12Mo-6Zr-2Fe  bars  wars  subjactad  to  smooth  and  notchad 
Krouse  fatigue  taata.  Tha  tasting  modes  includs  high  cycla  fatlgua,  rotating 
bean,  and  cantllavar  banding.  Tha  teat  loading  was  constant  force  sinusoidal 
at  approxinately  167  Hz.  The  test  stress  ratio  vas  Infinity,  l.e.  fully 
reversed.  All  tasting  vas  conductad  at  rooa  tanparatura  In  air. 

Taata  normally  stopped  when  10  allllon  cycles  vers  achieved.  The  notched 
sanples  had  a  stress  concentration  factor  of  Kt-1.6.  For  comparison  purposes 
T1-6A1-4V  alloy  bars  were  also  tested  under  the  same  conditions. 

The  smooth  rotating  fatlgua  properties  of  Tl-12Mo-6Zr-2Fa  and  T1-6A1-4V  are 
plotted  In  Figure  3.  The  snooth  fatlgua  strength  of  Tl-12Mo-6Zr-2Fe  Is 
conparable  to  that  of  T1-6A1-4V.  At  107  cycles,  the  maximum  stress  of 
Ti-12Mo-6Zr-2Fe  alloy  la  583  Mpa  (85ksl>. 


ROTATING  BEAM  FATIGUE  OF 
Ti- 1 2Mo-6Zr-2Fe  VERSUS  Ti-6AI-4V 
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Figure  3  -  Smooth  rotating  bean  fatigue  strength  of  THZF  and  T1-6A1-4V 

The  notched  rotating  bean  fatigue  properties  of  Tl-12Ho-6Zr-2Fe  and  T1-6A1-4V 
are  shown  In  Figure  4.  At  107  cycles,  the  Tl-12Mo-6Zr-2Fe  alloy  showed  a 
notched  strength  of  410  Hpa  (60  ksi)  at  10  million  cycles  (70%  of  Its  smooth 
fatigue  strength).  Under  the  sane  condition,  T1-6A1-4V  showed  a  notched 
strength  of  280  Hpa  (45  ksi),  or  53%  of  Its  smooth  fatigue  strength.  The 
notchad  fatigue  results  are  in  keeping  with  the  characteristic  property  of  beta 
titanium  alloys  being  less  fatigue  notch  sensitive  than  alpha  beta  alloys  such 
as  T1-6A1-4V  alloy. 
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NOTCHED  ROTATING  BEAM  FATIGUE  OF 
Ti-  ’  2Mo-6Zr-2Fe  vs  Ti-6AI-4V 
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Figure  4  •  Notched  rotating  bean  fatigue  strength  of  TMZF  and  T1-6A1-4V 

F1ACTP1K  TOOOHMKBS 

The  (olutlon  annealed  Tl-12No-6Zr-2Fe  bar  samples  were  tested  for  precracking 
and  fracture  toughness  at  33*C  according  to  ASTM  E399.  The  crack  area  was 
saturated  with  saline  solution  (0.9%  NaCl)  before  testing.  T1-6A1-4V  bar 
samples  were  also  tested  for  comparison. 

The  mean  toughness  of  Ti-12Mo-6Zr-2Fe  was  90  Kpa  /m  (81.7  kal  /in).  That  of 
TI-6A1-4V  was  52  Npa  /a  (47.2  kal  /in)  (Table  III).  These  results  show  that 
the  fracture  resistance  of  the  solution  annealed  Ti-12Mo-6Zr-2Fe  alloy  is  much 
better  than  that  of  T1-6A1-4V. 

Table  III.  Fracture  Toughness  of  TMZF  and  T1-6A1-4V  Bar  Stock  (28.6  am  dia.) 


Alloy 

Specimen 

Number 

1  -  1 

Toualpsas . 
Mna  /a 

Ka  , 

fkal  /in) 

TMZF 

90 

(81.7) 

TMZF 

1  -  2 

88 

(79.7) 

TMZF 

1  -  3 

92 

(83.7) 

TI-6A1-4V 

2  -  1 

54 

(48.8) 

T1-6A1-4V 

2  -  2 

51 

(46.4) 

T1-6A1-4V 

2  -  3 

51 

(46.4) 

COHOSIOH  HOFEKTT 


Anodic  polarization  testing  was  performed  on  the  solution  annealed  Ti-12Mo-6Zr- 
2Fe  alloy  specimens.  Specimens  were  in  the  form  of  16  mm  diameter  x  3  mm  thick 
disks  and  9.5  an  diameter  x  12.7  an  rods.  Tests  wars  run  in  daasratad  saline 
(0.9%  Neel)  at  37*C.  Each  disc  specimen  was  finished  to  a  600  grit  silicon 
carbide  immediately  before  testing.  All  rod  specimens  wars  prepared  to  a  600 
grit  silicon  carbide  finish  followed  by  cleaning  and  passivation.  T1-6A1-4V 
rod  samples  were  also  tested  for  comparison. 


ASTM  G5,  Standard  Reference  Teat  Method  for  Making  Potentloatatlc  and 
Potentlodynaaic  Anodic  Polarization  Measurements  waa  followed  for  the  teatlng. 
The  anodic  polarization  curvea  of  Tl-12Mo-6Zr-2Fe  and  T1-6A1-4V  are  ahotm  In 
Figure  S.  Data  ahow  excellent  corroalon  resistance  for  both  alloya.  As  the 
potential  increases  each  alloy  reaches  a  stable  passive  current  density.  The 
difference  In  the  passive  current  density  between  the  two  alloys  Is  not 
directly  related  to  their  relative  free  corrosion  rates  In  the  body 
environment.  Further  Increases  in  potential  up  to  +1000  mv  v.s.  S.C.E.  cause 
no  further  Increase  In  current  density  for  either  alloy.  This  Indicates  that 
the  protective  oxide  on  either  alloy  resists  breakdown  equally  well  at  this 
excessive  polarization.  Resistance  to  breakdown  is  the  key  result  of  this 
test. 


Figure  5.  Anodic  polarization  of  Ti- 12Mo-6Zr-2Fe  and  T1-6A1-4V 

MAI  MfllllS 

The  friction  and  wear  properties  of  annealed  Tl-12Mo-6Zr-2Fe  and  T1-6A1-4V 
versus  Surgical  Simplex*  P  bone  cement  were  determined  using  an  ISC-200 
trlbometer.  The  ISC-200  is  a  pin-on-disc  type  wear  and  friction  measurement 
system.  The  bone  cement  sample  was  held  stationary  by  a  cantilever  beam  while 
the  metal  disc  counterface  rotated  against  It. 

Five  polished  disc  samples  of  each  alloy  were  Individually  tested  against  a 
12.7mm  diameter  bone  cement  ball  at  a  100  gm  load,  In  deionized  water.  Tests 
were  run  at  80  cycles/mln.  for  1.0  x  103  cycles.  The  sliding  speed  for  each 
test  was  7.4  cm/sec.  Vear  was  determined  by  the  weight  loss  and  surface 
roughness  of  the  disc  samples.  The  mass  worn  away  from  a  ball  was  calculated 
by  the  radius  of  the  worn  flat  spot  and  the  density  of  the  bone  cement  sample. 
The  surface  roughness  of  bone  cement  ball  was  1/us. 

The  friction  coefficients  of  Tl-12Mo-6Zr-2Fe  alloy  and  T1-6A1-4V  against  bone 
cement  are  shown  In  Figure  6.  The  friction  coefficient  of  Tl-12Mo-6Zr-2Fe  Is 
approximately  0.4  vhlch  is  one  half  of  that  of  T1-6A1-4V. 

After  1.0  x  103  cycles,  although  some  light  scratching  was  present  on  the 
rubbing  surface  of  the  Tl-12Mo-6Zr-2Fe  samples,  this  did  not  Initiate  self 
perpetuating  abrasive  wear,  and  only  bone  cement  debris  was  noted  on  the 

samples. 


Severe  abraelve  wear  of  Che  T1-6A1-4V  diica  vat  obterved  after  only  a  few 
hundred  cycles  with  subsequent  scratching  of  the  T1-6A1-4V  surface;  black  metal 
wear  debris  was  generated. 

The  surfaces  of  all  bone  cement  balls  run  against  T1-6A1-4V  were  covered  with 
fine  black  particles.  No  black  particles  were  seen  on  the  surface  of  bone 
cement  balls  that  rubbed  against  Tl-12Mo-6Zr-2Fe  alloy.  The  wear  data  are 
shown  in  Table  IV.  Results  obtained  from  this  testing  Indicate  that  solution 
annealed  Tl-12Mo-6Zr-2Fe  has  a  much  better  abrasive  wear  resistance  than  Tl- 
6A1-4V. 


Figure  6  -  Friction  coefficient  of  TMZF  and  T1-6A1-4V  against  bone  cement. 


Table  IV  -  Results  of  Wear  Test  on  TMZF  and  T1-6A1-4V  Against  bone  cement 


No . 

Disc  Samole 

OiBAT^  Santnlft 

Surface  Roushness 

.  Jin 

Wt.  Loss,  mg 

Initial 

Final 

( ffalnl 

TMZF  -  1 

0.02 

0.07 

(0.0008) 

0.09 

TMZF  -  2 

0.02 

0.08 

(0.0006) 

0.09 

TMZF  -  3 

0.02 

0.03 

(0.0000) 

0.05 

TMZF  -  4 

0.05 

0.09 

(0.0009) 

0.22 

TMZF  -  5 

0.07 

0.09 

(0.0000) 

0.09 

Tl-6-4  -  1 

0.01 

4.85 

0.0129 

1.04 

Tl-6-4  -  2 

0.02 

5.73 

0.0135 

1.33 

Tl-6-4  -  3 

0.02 

4.47 

0.0176 

1.04 

Tl-6-4  -  4 

0.06 

4.13 

0.0149 

1.33 

Tl-6-4  -  5 

0.02 

6.23 

0.0134 

1.33 

The  friction  coefficients  of  annealed  Ti-12Mo-6Zr-2Fe  and  T1-6A1-4V  versus 
ultra  high  molecular  vslght  polyethylene  (UHMWPE)  pins  vere  also  measured.  Two 
tests  for  each  alloy  were  conducted  in  deionized  water  at  a  500gm  load  and  at 
80  cycles/mln.  The  sliding  speed  for  each  test  was  7.3  cm/sec.  The  disc 
samples  had  a  surface  roughness  of  0.02pm.  The  surface  roughness  of  the  UHMWPE 
pins  was  2.5pm.  The  friction  coefficients  of  Tl-12Mo-6Zr-2Fe  and  T1-6A1-4V 
against  UHMWPE  at  various  distances  are  shown  In  Figure  7.  The  steady  state 
friction  coefficient  of  Tl-12Mo-6Zr-2Fe  Is  0.04  which  Is  much  lower  than  that 
of  TI-6A1-4V. 
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Figure  7  -  Friction  Coefficient  of  TMZF  egelnet  UHMWPE 

gPlQUlT 

A  new  blocompatlble  titanlua  alloy,  Tl-12Mo-6Zr-2Fe  haa  been  developed.  The 
proceaalng  and  formablllty  advantages  of  this  alloy  have  been  briefly  reviewed. 
This  beta  titanlua  alloy  exhibits  higher  yield  strength,  lower  Modulus  of 
elasticity,  higher  fracture  toughness  and  better  wear  resistance  than  T1-6A1- 
4V.  It  also  has  an  excellent  corrosion  resistance  and  a  a  Booth  fatigue 
strength  alallar  to  that  of  T1-6A1-4V.  Vlth  the  characteristics  of  high 
strength,  low  Modulus ,  blocoapatlblllty  and  excellent  corrosion  resistance,  the 
alloy  Is  wall  suited  for  orthopaedic  applications. 
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THE  ELECTROCHEMtCAL  BEHAVIOR  OF  A  NEW  TTTAMUM  ALLOY 


WITH  SUPERIOR  BOCOMPATIBHJTY 


Paul  Kovacs  and  James  A.  Davtdaon 

Orthopaedic  Research  Department 
Smith  &  Nephew  Richarda,  Inc. 

1450  Brooka  Road 
Memphia,  Tenneaaee  38116 

Abatract 

To  optimize  the  long-term  performance  of  metallic  implanta  in  orthopaedic  applicationa,  a 
new  titanium  alloy,  which  containa  neither  aluminum  nor  vanadium,  haa  been  invented  at 
Smith  and  Nephew  Richarda  Inc.  The  new  alloy,  Ti-13Nb-13Zr,  haa  better  biocompatibility 
than  that  of  TI-6AI-4V,  and  exhibita  higher  atrength  and  lower  elaatic  modulua  which  is 
advantageous  if  the  load  transfer  to  bone  is  desired.  The  improved  biocompatibility  of  the  new 
alloy  can  be  directly  attributed  to  the  fact  that  the  oxides  of  the  alloying  metals,  niobium  and 
Zirconium,  have  very  low  solubilities,  and  tend  to  incorporate  in  the  protective  passive  film 
instead  of  being  releaaed  aa  dissolved  metal  ions  into  the  biological  environment. 
Furthermore,  the  general  biocompatibility  of  niobium  and  zirconium  ia  also  superior  to  that 
of  aluminum  and  vanadium.  In  this  paper,  the  electrochemical  behavior  of  the  new  alloy  and 
the  pure  alloying  elements  during  spontaneous  passivation,  as  well  as  the  results  of 
biocompatibility  atudies,  are  presented  and  compared  to  thoae  of  Ti-6AI-4V.  The  spontaneoua 
passivation  of  the  mechanically  polished  alloys  and  pure  metals  was  studied  by  means  of 
electrochemical  impedance  spectroscopy,  and  the  polarization  behavior  was  determined  on  the 
basis  of  the  potentiodynamic  polarization  curves.  Ths  electrolyte  used  in  this  study  was 
I  acta  ted  Ringer's  solution  at  37°C.  The  biocompatibility  tests  were  performed  according  to  the 
standard  procedures  for  implant  materials.  The  electrochemical  measurements  confirmed  the 
higher  polarization  resistance  of  the  spontaneously  passivated  Ti-13Nb-13Zr  alloy,  while 
the  biocompatibility  test  results  demonstrated  its  superior  biocompatibility. 

Introduction 

Biocompatibility  can  be  defined  as  the  state  of  mutual  coexistence  between  an  implant  material 
and  the  biological  environment,  in  which  both  of  them  maintain  adequate  physical  and 
chemical  stability.  The  lack  of  sufficient  physical  biocompatibility  may  result  in  undesirable 
events  such  as  the  fracture  of  the  implant  or  substantial  bone  loss  due  the  stress  shielding  by 
a  more  rigid  implant  material.  Insufficient  chemical  biocompatibility,  on  the  other  hand,  may 
lead  to  unacceptably  high  degradation  rate  for  the  implant  material  and  may  induce  intolerably 
severe  biological  effects  locally  and/or  systemically. 

The  chemical  biocompatibility  of  a  metallic  implant  is  closely  related  to  the  electrochemical 
behavior  of  the  metal  or  alloy  in  the  harsh  biological  environment  (1-6],  The  rate  of 
electrochemical  interactions  between  the  implant  metal  and  the  body  fluids  as  well  as  the 
solubility  of  corrosion  products  can  have  a  significant  bearing  on  biocompatibility.  It  has  been 
observed  that  the  tissue  reaction  is  proportional  to  the  amounts  of  constituent  elements 
released  by  the  corrosion  of  a  pure  metal  or  alloy.  Laing  et  al  [7]  graded  the  tissue  reaction 
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according  to  the  thickness  of  pseudomembranes  around  the  implants.  For  an  implantation 
duration  of  six  months  in  the  back  muscls  of  rabbits,  membranes  up  to  3  mm  and  more  were 
observed  in  cases  of  severe  reactions  (Fe,  Co,  Cr,  Ni,  Mo,  V,  Mn,  Incoloy),  and  thicknesses  up 
to  20  pm  for  minor  'eactions  (Ti,  Zr,  Nb,  titanium  alloys,  cast  and  wrought  cobalt  alloys, 
stainless  ateel  316L  and  17-7PH).  Steinemann  [3]  classified  the  tissue  reactions  from  a 
pathological  point  of  view,  in  the  following  distinct  types: 

1.  In  the  case  of  severe  reaction  a  ‘sterile  abscess*  is  observed  and,  in  histology, 
psychosis,  so  that  this  type  of  reaction  may  be  termed  a  *toxic‘  response  (Co,  Ni,  Cu, 
V); 

2.  A  dense,  non-vascularized  fibrous  tissue  without  dead  cells  is  a  reaction  which  slows 
down  metabolic  exchanges,  and  this  type  may  be  called  ‘capsule’  (Al,  Fe,  Mo,  Ag,  Au, 
stainless  steels,  cast  and  wrought  cobalt  alloys); 

3.  The  ‘vital*  reaction,  which  has  an  appearance  of  loose  and  vascularized  fibrous  tissue, 
and  sometimes  an  epithelium  in  contact  with  metal  (Ti,  Zr,  Nb,  Ta,  Pt,  Ti  alloys). 

Steinemann  also  gave  a  combination  of  in  vivo  corrosion  test  results  and  histological 
examinations,  with  the  general  trend  summarized  as  follows: 

1 .  The  ‘vital*  reaction  is  possible  only  for  the  most  resistant  metals. 

2.  Metals  with  low  polarization  resistances  (i.e.,  severe  corrosion),  on  the  other  hand,  do 
not  necessarily  lead  to  a  ‘toxic*  reaction.  For  example,  the  severely  corroding 
elements  Fe,  Al,  Mo  provoke  the  ‘capsule*  type  of  response. 

3.  The  response  to  stainless  steel  and  cobalt  alloys  is  of  the  intermediate  (normally 
harmless)  ’capsule'  type  despite  their  very  high  corrosion  resistance.  The  presence  of 
the  typically  toxic  elements  Ni  and  Co  in  these  alloys  is  apparently  sufficient  to  induce 
a  shift  towards  the  ‘second  best'  tissue  reaction. 

Based  on  these  observations,  the  author  concluded  that  an  alloy  providing  'vital'  tissue 
behavior  should  not  include  any  of  the  'toxic'  elements,  but  should  be  based  on  metals  in  the 
'vital*  group  and  have,  if  necessary,  elements  of  the  ‘capsule*  group. 

The  results  of  these  studies  clearly  demonstrate  the  superior  biocompatibility  of  Ti,  Nb,  Zr, 
and  Ta.  It  is  also  indicated  by  the  results  of  the  in  vivo  corrosion  tests  that  the  most 
biocompatible  metals  and  alloys  usually  show  the  highest  polarization  njsistancs. 

Due  to  its  numerous  desirable  mechanical  properties  and  excellent  biocompatibility,  Ti-6AI- 
4V  has  long  been  used  in  orthopaedic  surgery  with  proven  clinical  success.  Because  the  alloy 
is  passivated  by  the  oxides  of  the  base  metal  titanium  (0-10],  the  less  than  optimum 
biocompatibility  of  aluminum  and  vanadium  does  not  seem  to  affect  significantly  the 
biocompatibility  of  the  prepassivated  alloy.  However,  when  excessive  mechanical  breakdown 
of  passivity  occurs,  the  alloy  may  become  a  localized  source  of  the  elements  aluminum  and 
vanadium,  as  indicated  by  the  results  of  recent  ion  release  studies  [11-16],  The  replacement 
of  these  alloying  elements  with  other  metals  such  as  Zr,  Nb  or  Ta,  the  corrosion  products  of 
which  have  extremely  low  solubilities,  may  considerably  improve  the  biocompatibility  of  the 
alloy  in  the  long-term  implant  applications.  Although  these  metals  are  well  known  from  the 
literature,  few  attempts  have  been  made  so  far  to  use  these  as  alternative  alloying  elements 
alone  for  titanium.  Custom-made  orthopaedic  Ti  alloys  Ti-6AI-7Nb  [17]  and  Ti-11.5Mo- 
6Zr-2Fe  [18]  still  contain  Al,  Mo,  and  Fe  which  present  less  than  optimum  biocompatibility. 

This  paper  describes  the  electrochemical  behavior  of  the  new  titanium  alloy  [IB]  that 
exhibits  superior  biocompatibility,  both  physically  and  chemically.  The  Ti-13Nb-13Zr  alloy 
has  highsr  strength  and  significantly  lower  modulus  than  TI-6AI-4V  [20,21],  and  shows 
improved  chemical  biocompatibility  (22)  due  to  the  presence  of  alloying  elements  that 
contribute  to  the  formation  of  a  highly  protective  passive  film  on  the  alloy  surface.  For 
comparison,  the  spontaneous  passivation  of  Ti-6AI-4V  and  that  of  pure  Ti,  Al,  V,  Nb,  and  Zr 
was  also  studied  by  using  a  combination  of  AC  and  DC  electrochemical  techniques  [23,24], 
which  had  been  found  to  provide  very  important  information  on  the  electrochemical  behavior 
in  case  of  mechanical  breakdown  of  passivity. 
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Electrochemical  test  specimens  were  prepared  from  1.)  wrought  as-quenched  and  2.)cast  and 
HIP'ed  Ti-13Nb-13Zr  alloy  rods,  from  3.)a  wrought,  sintered,  HIP'ed  Ti-6AI-4V  hip  »  jm, 
4.)  standard  grade  and  S.)ELI  grade  Ti-6AI-4V  alloy  rode,  as  well  as  from  pure  Ti,  Al,  V,  Nb, 
and  Zr.  These  test  specimen  were  mechanically  polished  to  a  mirror-like  finish  and  were 
immediately  immersed  into  the  test  cell  containing  lactated  Ringer's  solution  at  37°C. 

At  various  time  intervals  during  the  spontaneous  passivation  of  the  polished  metal  surfaces, 
the  electrochemical  impedance  spectra  were  determined.  The  gradually  increasing  time 
intervals  between  the  impedance  measurements  (*1-#8)  were:  5,  10,  20,  40,  80,  160, 
320,  and  360  min.  The  last  measurement  («9)  was  conducted  immediately  after  the 
completion  of  measurement  «8.  Following  each  passivation  experiment,  the  potentiodynamic 
polarization  curvea  on  the  spontaneously  passivated  samples  were  also  recorded  in  order  to 
see  the  polarization  behavior  in  a  broad  potential  range,  and  to  make  a  comparison  between  the 
polarization  resistance  values  provided  by  the  different  electrochemical  methods.  Under  the 
same  experimental  conditions,  the  electrochemical  behavior  of  carbon  was  also  studied  in 
order  to  team  more  about  the  rate  of  electron  exchange  between  the  electrode  material  and  the 
environment  in  the  absence  of  the  corrosion  processes  and  the  protective  passive  layers.  The 
carbon  test  specimens  were  prepared  from  a  high-density,  non-permeable  graphite  electrode. 

The  potentiostat  used  in  these  experiments  was  an  EG&G  Princeton  Applied  Research  Model 
273  potentiostat  with  a  Model  5210  lock-in  amplifier  for  the  high  frequency  impedance 
measurements.  The  reference  and  the  counter  electrodes  were  saturated  calomel  and  high- 
density,  non-permeable  graphite,  respectively.  The  experiments  were  conducted  in  a  Model 
K47  Corrosion  Cell  System,  which  was  open  to  air. 

Results  and  Discussion 

Both  Ti  alloys  were  subjected  to  numerous  biocompatibility  tests  [22],  and  showed  excellent 
biocompatibility  ae  expected.  However,  there  were  several  instances  in  which  the  cell  or 
tissue  response  was  considerably  less  for  the  Ti-13Nb-13Zr  alloy.  Examples  for  these  are 
given  in  Figure  1,  from  the  results  of  the  90-day  Rabbit  Intramuscular  Implant  Tests. 


Percent  Decrease  In  Reaction  Grading  (RG),  % 


Figure  1  •  Examples  Showing  Improved  Biocompatibility  of  Ti-13Nb-13Zr  (TNZ) 
Compared  to  Ti-6AI-4V  (TAV). 
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In  very  good  agreement  with  Zltter’s  and  Plank'a  observation  [5]  that  tha  alactrochamical 
bahavior  of  matallic  implant  matariala  la  an  indicator  of  thair  biocompatibility,  tha 
raciprocal  polarization  resistance  of  tha  apontanaoualy  paaaivatad  TH3Nb-13Zr  alloy  waa 
alao  conaidarabty  lowar  than  tha  raciprocal  polarization  raaiatanca  of  TI-6AMV.  Aa 
aummarizad  in  Figure  2.  tha  raaulta  of  both  tha  alactrochamical  impadanca  and  tha 
potantiodynamic  polarization  maaauramanta  damonatrata  tha  auparior  alactrochamical 
bahavior  of  tha  naw  titanium  alloy. 
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Raciprocal  Polarization  Raaiatanca,  MO'1  cm'1 

Figura  2  -  1/Rp  Values  for  Ti-13Nb-13Zr  and  Ti-6AI-4V  Alloya 

Tha  lowar  raciprocal  polarization  raaiatanca  rapraaanta  lower  currant  danaitiaa,  and 
indicates  tha  presence  of  a  mora  effective  passive  layer  on  the  alloy  surface.  In  previous 
studies  it  waa  found  [5,24]  that  the  current  densities  measurable  on  passive  orthopaedic 
implant  alloys  can  be  substantially  affected  by  the  electron  exchange  processes.  Therefore,  it 
is  important  to  consider  that  the  measured  current  denoities  consist  of  two  parts: 


I  =  icorr  ♦  ielex  0) 

where  icorr  and  ielex  represent  the  corrosion  and  electron  exchange  current  densities, 
respectively,.  In  the  case  of  extremely  corrosion  resistant  alloys  such  as  Ti-13Nb-13Zr  and 
Ti-6AI-4V,  ielex  i»  usually  much  higher  than  icorr.  According  to  these  considerations,  the 
lower  reciprocal  polarization  resistances  of  the  Ti-13Nb-13Zr  samples  indicate  that  the 
total  electrochemical  interaction  (corrosion  and  electron  exchange)  between  the  passivated 
alloy  and  the  environment  is  lower  than  in  the  case  of  Ti-6AI-4V. 

Additionally,  the  improved  biocompatibility  of  the  new  titanium  alloy  can  also  be  the 
consequence  of  the  elimination  of  the  less  biocompatible  alloying  elements,  aluminum  and 
vanadium.  Investigating  the  dissolution  behavior  of  TI-6AI-4V,  Bruneel  and  Helsen  [11] 
found  that  the  relative  concentrations  of  the  elements  dissolved  differ  substantially  from  their 
relative  presence  in  the  alloy.  Although  the  concentrations  of  aluminum  and  vanadium  are  low 
in  the  alloy,  their  concentration  in  the  test  solution  •  especially  the  aluminum  concentration 
-  was  quite  close  to  that  of  the  major  element  titanium.  Consequently,  it  was  concluded  by  the 
authors  that  the  TI-6AI-4V  alloy  may  not  be  underestimated  as  a  localized  source  of  the 
elements  aluminum  and  vanadium.  In  contrast,  as  the  Ti-13Nb-13Zr  alloy  contains  only 
alloying  elements  that  form  oxides  with  extremely  low  solubilities,  the  preferential 
dissolution  of  niobium  and  zirconium  from  this  alloy  is  highly  unlikely. 
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To  illustrate  the  substantially  different  electrochemical  behavior  of  the  vsrious  alloying 
elements,  the  potentiodynemic  polarization  curves  of  Al,  V,  Ti,  Nb,  and  Zr  are  shown  in  Figure 
3,  which  were  recorded  after  a  20-hour  exposure  of  the  previously  mechenically  polished 
metals  to  the  lactated  Ringer's  solution.  The  scanning  rate  was  1  mV/s  in  these  experiments. 
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Electrode  Potential,  mV  (ve.  SCE) 

Figure  3  -  Potentiodynamic  Polarization  Curves  lor  Al,  V,  Ti,  Nb,  and  Zr. 

While  aluminum  and  vanadium  show  high  current  densities  at  their  corrosion  potentials, 
titanium,  niobium,  and  zirconium  exhibit  not  only  extremely  low  current  densities  at  their 
open  circuit  potentials,  but  these  metals  also  have  very  similar  polarization  behavior  in  a 
broad  potential  range,  both  cathodically  and  anodically.  Between  -750  and  0  mV  (vs.SCE), 
which  is  usually  the  potential  region  for  orthopaedic  implant  alloya,  the  polarization  curves 
of  aluminum  and  vanadium  indicates  transpassive  dissolution,  providing  a  plausible 
explanation  for  their  preferential  dissolution  from  the  Ti-6AI-4V  alloy.  On  the  other  hand, 
niobium  and  zirconium,  similarly  to  titanium,  are  in  the  region  of  perfect  passivity,  and  are 
not  subjected  to  chemical  breakdown  of  passivity  even  at  more  positive  potentials.  Instead  of 
being  released  into  the  environment  as  dissolved  metal  ions,  Nb  and  Zr  contribute  to  the 
formation  of  the  highly  protective  passive  film  on  the  titanium  alloy. 

As  the  biocompatibility  of  orthopaedic  implant  alloys  is  directly  related  to  the  protective 
ability  of  their  passive  surface  layers,  it  is  very  important  to  consider  that  the  corrosion 
rate  of  these  alloy  can  be  very  high  if  the  passive  layer  is  partially  or  completely  removed 
mechanically  by  the  action  of  fretting  wear  processes.  If  this  situation  arises,  it  may  become 
biologically  significant  whether  the  high  corrosion  rate  can  be  associated  primarily  with  a 
higher  metal  ion  release  rate  or  with  a  higher  rate  of  insoluble  oxide  formation.  Therefore,  it 
is  necessary  to  distinguish  between  the  two  major  types  of  anodic  corrosion  processes,  and 
interpret  the  corrosion  rate  as  the  sum  of  the  rate  of  dissolution  and  the  rate  of  protective 
passive  layer  formation  (24]: 

foorr  =  iso!  +  fox  (2) 

where  isol  is  the  rate  of  soluble  corrosion  product  formation,  including  non-protective  oxides 
and  hydroxidea,  and  fox  is  the  rate  of  protective  oxide/hydroxide  formation.  While  foorr  is 
mainly  determined  by  fox  in  the  case  of  Ti-13Nb-13Zr,  the  contribution  of  isol  to  foorr  is 
less  negligible  when  the  spontaneous  passivation  of  Ti-6AI-4V  takes  place,  resulting  in  the 
preferential  release  of  aluminum  and  vanadium  ions  with  less  than  optimum  biocompatibility. 
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Although  the  corrosion  resistance  of  prepassivated  implant  alloys  has  been  extensively 
studied,  the  spontaneous  passivation  of  these  alloys  in  the  chloride-containing  environment 
has  been  given  less  attention.  This  is  partly  because  of  experimental  difficulties  in  studying 
rapidly  changing  electrochemical  systems  such  as  metals  or  alloys  undergoing  spontaneous 
passivation  in  a  certain  electrolyte.  Recent  developments  in  electrochemical  techniques, 
however,  have  made  it  possible  to  address  this  issue  more  effectively.  Electrochemical 
Impedance  Spectroscopy  (EIS)  offers  a  new  experimental  approach  to  these  rapidly  changing 
electrode  systems  and  -  in  combination  with  classical  DC  polarization  measurements  -  it  can 
provide  some  fundamental  information  about  the  overall  electrochemical  performance  of 
metallic  implant  materials  [23-26],  In  Figure  4,  results  obtained  by  EIS  are  shown, 
indicating  the  changes  in  the  reciprocal  polarization  resistances  during  the  20-hour  tests. 


Time,  min 


Figure  4  -  EIS  Results  for  Ti-13Nb-13Zr,  Ti-6AI-4V,  Al,  V,  Ti,  Nb,  Zr,  and  C. 

The  interpretation  of  these  results  requires  complex  electrochemical  considerations, 
including  the  role  of  metal  ion  release  and  oxide  formation  in  determining  the  overall 
corrosion  rate,  as  well  as  the  relative  contribution  of  the  rate  of  electron  exchange  to  the  total 
electrochemical  interaction  between  the  metal  or  alloy  and  the  environment.  As  the  reciprocal 
polarization  resistance  of  a  polished  metal  is  proportional  to  the  corrosion  rate  [23,24],  the 
slightly  higher  values  for  the  Ti-13Nb-13Zr  samples  indicate  the  higher  initial  reactivity  of 
this  alloy  than  that  of  Ti-6AI-4V.  The  higher  corrosion  rate,  however,  does  not  result  in 
higher  metal  ion  release.  On  the  contrary,  it  primarily  reflects  the  current  necessary  for 
protective  passive  layer  formation,  as  neither  the  base  metal  nor  the  alloying  elements  Nb  and 
Zr  tend  to  dissolve  preferentially.  For  Ti-6AI-4V,  despite  the  apparently  lower  initial 
corrosion  rate,  a  considerable  portion  of  the  total  current  density  is  provided  by  the 
dissolution  processes  of  aluminum  and  vanadium,  as  the  corrosion  products  of  these  two 
metals  are  much  more  soluble  than  those  of  titanium.  While  Al  and  V  do  not  show  effective 
spontaneous  passivation,  the  titanium  alloys,  Ti,  Nb,  and  Zr  develop  highly  protective  passive 
layers,  the  consequence  of  which  is  a  much  lower  total  electrochemical  interaction  (corrosion 
and  electron  exchange)  than  the  electron  exchange  alone  between  carbon  and  the  electrolyte. 

In  a  recent  editorial  by  J.  P.  Scales  in  the  British  Journal  of  Bone  and  Joint  Surgery  [27],  the 
optimization  of  titanium  alloy  was  discussed,  concluding  that  efforts  might  well  be 
directed  towards  the  development  of  transformed  fj-phase  titanium  alloys  containing  only  such 
elements  as  niobium,  tantalum,  and  zirconium.*  The  Ti-Nb-Zr  alloy  introduced  in  this  paper 
demonstrates  that  significant  improvements  in  biocomp atibility  can  be  achieved  in  this  way. 
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Conclusions 


On  the  basis  of  the  results  obtained  in  this  study,  the  following  conclusions  can  be  drawn: 

The  electrochemical  behavior  of  Ti-13Nb-13Zr  alloy  is  more  favorable  for  orthopaedic 
implants  applications  than  that  of  Ti-6AI-4V,  due  to  the  formation  of  a  more  protective 
passive  layer  on  Ti-13Nb-13Zr  which  improves  the  biocompatibility  of  this  alloy. 

Additionally,  less  metal  bn  release  is  likely  to  occur  during  the  spontaneous  passivation  of  the 
Ti-13Nb-13Zr  alby  because  the  corrosion  products  of  the  minor  albying  elements  Nb  and  Zr 
are  less  soluble  than  those  of  aluminum  and  vanadium,  and  may  incorporate  in  the  protective 
passive  film.  This  difference  in  performance  characteristics  may  become  an  issue  of 
biological  signifbance  if  the  mechanical  breakdown  of  passivity  on  the  implant  by  fretting 
wear  is  excessive. 
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Abstract 

For  structures  in  snowfall  regions,  uterials  like  titaniua,  rather  than 
the  custoaary  steel,  are  being  used  to  iaprove  perforaance.  However,  the  inter¬ 
actions  between  these  aaterlals  and  anow,  which  is  important  for  use  of  aate- 
rials  in  snowfall  environaents,  are  not  very  well  understood. 

In  this  study,  attention  is  directed  to  the  dynaaic  properties  under 
dynaalc  interaction  where  both  of  thea  aove  relative  to  one  another.  This  study 
is  the  first  to  explain  the  Interactions  theoretically  and  experiaentally.  In 
this  paper,  the  dynaaic  friction  factor  that  is  inportant  practically  in  dynaa¬ 
lc  interactions  was  exaained.  Dynaaic  friction  factor  n  is  considered  to  be  a 
function  of  various  factors,  for  exaaple,  snow  sliding  velocity  V,  snow 
teaperature  T.  contact  pressure  p  on  fluid  f  11a  of  snow,  snow  density  p,  and 
surface  roughness  Rt  of  aaterial. 

Experiaents  under  variations  of  V ,  T  and  p  are  discussed  first.  Various 
titaniua  sheets  and,  for  coaparison,  stainless  steel  sheets,  resin  coated  steel 
sheets  and  plastics  sheets  were  selected  for  evaluation.  Froa  the  results  of 
the  experiaents,  it  has  been  clarified  that  dynaaic  friction  resistance  was 
strongly  influenced  by  V,  T,  R «  and  surface  energy  of  aaterial. 

Moreover,  considering  that  dynaaic  friction  resistance  is  caused  by  re¬ 
sistance  froa  surface  roughness,  fluid  viscous  resistance  and  shearing  resist¬ 
ance  in  adhesion  parts,  the  equations  of  state  for  expressing  the  interaction 
between  various  aaterlals  and  snow  have  been  derived.  Froa  the  analysis  of  this 
equation,  the  lubrication  aode  between  various  aaterlals  and  snow  was  aade 
clear,  and  the  basic  theory  about  dynaaic  friction  resistance  has  been  con¬ 
structed. 

The  results  of  this  paper  are  considered  to  be  useful  for  the  design  of 
structures  and  the  selection  of  aaterlals  in  snowfall  regions. 

1. Introduction 

In  this  study,  attention  is  directed  to  the  dynaaic  properties  under 
dynaaic  interactions  where  snow  and  titaniua  sheet  etc.  aove  relative  to  one 
another.  And  the  interactions  are  explained  theoretically  and  experiaentally. 
In  this  paper,  experiaental  results  on  dynaaic  friction  resistance  that  is 
iaportant  practically  in  dynaaic  interactions  are  investigated,  and  the  results 
of  the  theoretical  analysis  are  discusaed. 

On  the  basis  of  the  investigations  of  experiaents,  a  theoretical  analysis 
is  done  using  the  equations  of  state  derived  for  expressing  the  interaction 
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between  mow  and  sheet.  It  auit  be  noticed  that  dynaaic  friction  factor  m  to 
preicribe  dynaaic  friction  reaiatance  is  not  conitant.  Therefore,  n  is  consid¬ 
ered  to  be  the  function  of  various  factors  as  shown  in  the  next  equation. 


V  *  /  (V  ,  T ,  P  .  P  .  Ri,  r  ,  A  ,  •••)  0) 

where  V  :snow  sliding  velocity,  T:snow  teaperature,  p: contact  pressure  on 
fluid  fila  of  snow,  p:» now  density,  Resurface  roughness  of  aaterial, 
r  : surface  energy  of  aaterial,  A  itheraal  conductivity  of  aaterial.  In  this 
paper,  the  attention  is  directed  to  V ,  T  and  p. 

2.Haterials  and  Experlaental  Methods 

Various  sheet  aaterials  used  for  experiaents  are  shown  in  Table  I .  The 
cheaical  coapositions  of  the  test  sheets  are  shown  in  Table  I .  Table  ■  shows 
the  aeasured  results  of  the  ten  point  average  roughness  R«  of  the  test  sheets 
and  the  contact  angle  0  between  test  sheet  and  water  that  prescribes  surface 
energy  r.  As  these  values  on  surface  conditions  were  aeasured  just  before 
experiaents,  aging  is  expected.  This  effect  is  to  be  investigated  in  the  future. 

In  the  experiaents,  coapacted  snow  collected  froa  natural  snow  cover  was 
used.  The  density  was  0.3 — 0-4  g/ea*.  The  experiaents  were  conducted  using 
testing  equipaent  for  snow-ice  properties  designed  and  aade  by  the  authors. 
Figure  1  shows  the  general  view  of  this  equipaent.  Friction  force  is  aeasured 
by  load  cell  as  the  force  acting  between  snow  and  sheet  aaterial.  An  AC  sarbo- 
aotor  aoved  the  sheet  aaterial.  Then,  snow  sliding  velocity  V  was  altered  by 
changing  the  aovlng  velocity  of  the  sheet  aaterial.  V  was  varied  to  7  levels, 
0.5,  10.  20,  30.  40,  50  and  80  aa/s.  On  the  experiaents  to  investigate  the 
effects  of  V.  snow  teaperature  T  was  varied  to  2  levels,  0  and  -4  *C.  The 
Influences  of  T  were  studied  to  6  levels,  2,  0,  -2,  -4,  -B  and  -8  *C  for  V  = 
0.5  aa/s.  Moreover,  to  investigate  the  effects  of  the  contact  pressure  P  on 
fluid  fila  of  snow,  experiaents  were  done  to  3  levels  of  p,  0.4,  0.8  and  1.2 
kPa  for  V  *  0.5  aa/s.  T  *  0  *C. 


Table  I  Kinds  of  Test  Sheets 


Sheet  No. 

Materials 

Sirface  finish  condition 

Tap-1 

Tltaniia 

Annealed  and  pickled 

Tva-2 

Tltaniia 

Vacua  Annealed 

Tan-3 

Titaniia 

Anodized 

Tfl-4 

Tltaniia 

Fluoruplastlcs  costed 

SS-5 

Stainless  steel 

Noncoated 

S-8 

Steel 

Polyester  resin  coated 

PC-7 

Rigid  polyvinyl  chloride 

Noncoated 

Table  ■  Cheaical  Coapositions  of  Test  Sheets  (Height  X) 


Sheet  No. 

a 

Si 

III 

n 

s 

W 

& 

D 

a 

n 

Fe 

Ti 

Tap-1 

— 

— 

— 

— 

— 

— 

0.010 

0.10 

0.03 

0.10 

bal. 

Tva-2 

- 

- 

- 

- 

- 

- 

0.010 

0.10 

0.10 

bel. 

Tan-3 

- 

- 

— 

- 

- 

- 

0.010 

0.10 

0.10 

bal. 

Tfl-4 

- 

- 

- 

- 

- 

- 

0.010 

0.10 

0.03 

0.10 

bal. 

SS-5 

<0.08 

<1.00 

<2.00 

<0.045 

<0.030 

8.00- 

10.50 

18.00- 

20.00 

- 

1 

- 

- 

- 

S-B 

W.WI" 

0.06 

0.01 

0.03 

0.01 

0.012 

D 

“ 

bel. 

“ 

VIA 


Table  1  Surface  Conditions  of  Test  Sheets 


2.18  89.0, 

2.82  79.5  81.5 


VT:The  values  on  test  sheets  used  in 
the  experiments  to  investigate  the 
effect  of  V  and  T 
P  :The  values  an  test  sheets  used  in 
the  experiments  to  investigate  the 
effect  of  p 


Figure  1 
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In  the  case  of  snow  temperature  T  -  -4  *C,  dynaalc  friction  factor  p 
decreases  gradually  as  snow  sliding  velocity  V  increases.  Polyester  resin 
coated  steel  sheets  show  ainlaua  value  nearly  regardless  of  V.  Figure  2(a) 
shows  the  relationship  for  titaniua  sheets.  As  for  the  annealed  and  pickled 
titanlua  sheeta  and  anodized  titaniua  sheets,  the  decreasing  ratio  of  p  Is 
large  when  V  increases.  This  suggests  that  these  sheets  have  the  advantage  for 
snow  sliding  properties  at  high  V . 

In  the  case  of  T  *  0  *C,  contrary  to  that  of  T  =  -4  "C,  p  increases 
gradually  as  V  increases.  Figure  2(b)  shows  the  relationship  for  titaniua 
sheeta.  p  of  the  vacuum  annealed  titaniua  sheets,  stainless  steel  sheets  and 
polyester  resin  coated  steel  sheets,  is  small  and  does  not  increase  so  auch 
with  the  increase  of  V.  Although  p  of  the  anodized  titaniua  sheet  is  large, 
for  high  snow  sliding  velocity,  the  p  shows  the  tendency  to  decrease  a  little. 
This  sheet  seeas  to  have  the  advantage  on  snow  sliding  properties  at  high  V. 
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In  the  case  of  V  *  0.5  aa/s,  p  has  the  tendency  to  decrease  a  little  as 
T  Increases  except  for  anodized  titaniua  sheet.  Figure  3  shows  the  relation¬ 
ship  between  p  and  T  for  titaniua  sheets. 
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File  of  Snow 

In  the  case  of  V  *  0.5  aa/s  and  T  »  0  "C,  p  has  the  tendency  to  de¬ 
crease  gradually  as  contact  pressure  p  on  fluid  fila  of  snow  increases.  Figure 
4  shows  the  relationship  between  p  and  P  for  titaniua  sheets.  For  the  vacuua 
annealed  titaniua  sheet,  the  decreasing  ratio  Is  large  in  the  range  of  p  *  0.8 
~  1.2  kPa. 


■iterUli 

Proa  the  experliental  results  as  aentioned  in  paragraph  31,  32  and  3-3, 
ft  has  the  tendency  to  becoae  larger  ai  R*  is  larger  and  0  is  ssaller.  In 
soae  cases,  however,  n  of  the  titaniua  sheets  haveing  large  R ■  is  saall.  So 
the  factors  except  for  Ri  and  0  will  have  to  be  inveitigated. 

3  5  Exaalnatlon  of  frictional  Condition  by  Stribeck  Curve 

As  explained  in  paragraph  31,  32  and  33,  frictional  conditions  between 
snow  and  sheet  aaterials  are  Influenced  by  V,  T  and  p.  When  water  occurs  by 
the  aelting  of  snow,  the  water  works  as  the  lubricant  between  snow  and  sheet 
aaterial.  The  problea  of  the  friction  between  snow  and  sheet  aaterial  like  this 
can  be  considered  as  a  lubrication  problea.  So,  the  problea  in  this  study  will 
be  discussed  next  by  the  Stribeck  curve'"  used  to  indicate  the  lubrication 
aode. 

On  the  Stribeck  curve  shown  in  Fig. 5,  the  lubrication  aode  can  be  classi¬ 
fied  into  the  following  3  types. 

I  boundary  lubrication,  I:Mixed  lubrication,  M:Hydrodynaelc  lubrication 
For  constant  viscosity  rj  and  vertical  load  F»,  the  relationship  between  u 
and  V  can  be  considered  to  Indicate  the  Stribeck  curve.  When  V  is  constant, 
p  corresponds  to  F«  in  Fig. 5  and  the  relationship  between  fi  and  p  can  be 
considered  to  indicate  the  Stribeck  curve.  Froa  this  viewpoint,  the  experlaen- 
tal  results  are  investigated. 
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Figure  5  -  Stribeck  Curve  and  Lidrication 


V  :  Velocity 
F . :  Vertical  load 
Ri :  Surface  roughneaa 
h  :  Thickneaa  of  fluid  fila 


Node 


The  relatlonihlp  between  u  and  V  for  T  «  -4  *C  ahown  in  Fig. 2(a)  of 
paragraph  3  1  can  be  conaidered  to  correapond  to  region  I  in  Fig.S.  The  rela- 
tionahip  for  T  *  0  *C  ahown  in  Fig.  2(b)  can  be  conaidered  to  correapond  to  the 
traroltlon  region  between  region  I  and  1. 

On  the  relationahip  between  P  and  T  ahown  in  Fig. 3  of  paragraph  3-2,  the 
incrwaae  of  T  will  be  able  to  be  turned  into  the  equivalent  lncreaae  of  V. 
Therefore,  if  lubrication  node  changea  froa  I  to  I ,  ■  with  the  increaae  of 
T  aa  in  Fig. 5,  the  tendency  of  Fig. 3  can  be  conaidered  to  ahow  the  lubrication 
aode  froa  region  I  to  I. 

The  relationahip  between  p  and  p  ahown  in  Fig. 4  of  paragraph  3  3  ia  re¬ 
lated  to  Fig.S.  In  Fig. 4,  the  lubrication  node  ia  conaidered  to  change  froa 
region  ■  to  I  with  the  increaae  of  p. 

4. Theoretical  Acalnli 

4  1  Friction  Nodela  between  Snow  and  Sheet -Material 

For  anow  teaperature  T  2  0*C,  the  water  file  between  anow  and  aaterial 
occura  by  the  aeltlng  of  anow.  Therefore,  taking  into  conaideration  the  diacua- 
alon  of  paragraph  3-5,  it  ia  conaidered  that  the  lubrication  atate  ia  the  crit¬ 
ical  atate  between  the  aiaed  and  the  hydrodynaaic  lubrication  atatea.  Conae- 
quently.  friction  force  F  will  be  the  reaultant  force  of  the  viacoua  friction 
force  Fr  and  the  eliding  friction  force.  And,  eliding  friction  force  ia  con¬ 
aidered  to  be  the  reaultant  force  of  realatance  F«  froa  aurface  roughneaa  and 
ahearing  realatance  F*  by  adheaion  of  the  interface  between  anow  and  aaterial. 
Therefore,  dynaaic  friction  factor  p  and  F  are  obtained  aa  follower 


p  *  -  Ofrweight  of  enow)  (2) 

IV 

F  =  F  m  +  Fa  +  Fr  (3) 

In  the  caae  of  T< 0*C,  it  ia  conaidered  that  friction  interface  ia  in  the 
alxed  lubrication  atate  froa  the  conaideration  by  the  Stribeck  curve  in  para¬ 
graph  3 '4.  But  water  very  little  occura  by  the  Belting  of  anow.  And  the  aaount 
of  water  generated  by  friction  heat  aunt  be  aaall.  Therefore,  Fr  of  Eq.(3) 
ian’t  conaidered. 

Figure  6  ahowa  a  friction  analyaia  aodel  by  aurface  roughneaa.  Here,  the 
following  aaauaptiona  are  introduced. 


(1)  The  surface  roughness  of  aaterial  is  expressed  as  sine  curve  in  fig. 6  and 
unifora  to  the  right-angled  direction  of  snow  sliding  direction. 

(2)  Snow  is  a  viscoelastic  aaterial  and  its  property  is  expressed  by  Voigt 
aodel. 

Figure  7  shows  a  friction  analysis  aodel  by  adhesion  for  calculating  F*.  It  is 
assuaed  that  snow  is  coaposed  of  ice  particles  and  the  plastic  deforaation  of 
ice  particles  occurs  by  contacting  with  sheet  aaterial.  Figure  8  shows  a  fric¬ 
tion  analysis  aodel  by  viscosity  for  calculating  F*. 

<•2  Theoretical  Derivation  of  Dynaaic  Friction  Force 


4  2  1  Slldina  Friction  Force111  (>l  <4).  Sliding  friction  force,  as  shown  in 
paragraph  4-1  is  considered  to  be  the  resultant  force  of  Fa  and  F«. 

In  Fig. 6.  Fa  is  x  direction's  coaponent  of  resistance  force  acting  on 
snow  froa  the  surface  unevenness  and  calculated  froa  the  following  Eq.(4)  and 
Eq.(5). 

F  a  is  obtained  froa  Eq.(6),  when  the  plastic  deforaation  of  snow  parti¬ 
cles  occurs,  by  using  fhe  aodel  in  Fig. 7. 
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here,  MS:nass  of  snow,  A:sprlng  constant  of  snow,  c:vlscous  duping  constant 
of  snow,  /aithe  length  per  1  cycle  of  unevenness.  r:nuaber  of  unevenness. 
Every  value  is  for  per  /a.  : weight  of  snow,  /<:shear  strength  of  ice,  ps: 
yield  pressure  of  ice. 


4  2  2  Viscous  Friction  Force.  Vlicout  friction  force  F*  of  fluid  it  calculated 
froa  the  next  equation  by  the  aodel  shown  in  Fig. 8. 

V 

Fr  =  T)  ,  -  Sr.  Sr  =  TRmS,.  V,  =  C0'K«*V'*  (7) 

y  t 

Here,  n  /iviscosity  of  fluid,  r,  C,  l,  m,  n: constant  values  obtained  froa 
experiaentt,  So:noainal  contact  area  between  mow  and  sheet  aaterial  and  the 
equations  of  Sr  and  y  /  are  assuied  on  the  basis  of  experiaental  results. 

43  Coaptriton  between  Calculated  Values  and  Exoeriaental  Values 

The  unevenness  conditions  of  test  sheet  surfaces  are  shown  in  Table  IV  and 
the  various  values  used  for  the  theoretical  analysis  are  shown  in  Table  V .  As 
for  k  and  c  of  the  snow,  values  by  Kojlaa"*  were  quoted. 

Figure  9(a), (b)  show  the  comparison  between  the  calculated  values  and  the 
experiaental  values  of  titaniua  sheets  for  the  relationship  between  dynaaic 
friction  factor  11  and  sliding  velocity  V  for  T  =  fl*C  and  7'  =  -4*C. 

For  T  =  -4*C  shown  in  Fig. 9(a),  the  changing  tendency  of  calculated  values 
of  n  to  V  is  alaost  in  agreement  with  those  of  experiaental  ones.  But,  for  V 
210aa/s,  the  calculated  values  are  larger  than  the  experiaental  values.  This 
is  possibly  caused  because,  Fa  of  the  interface  between  snow  and  sheet,  which 
is  one  cause  of  sliding  friction  force,  rigorously  decreases  as  V  increases. 

For  T“0"C  shown  in  Fig. 9(b),  the  changing  tendency  of  n  to  the  change 
of  V  is  alaost  in  agreement  between  both  calculated  values  and  experiaental 
ones.  But  experiaental  values  of  vacuua  annealed  titaniua  sheet  No.Tva-2,  hav¬ 
ing  saall  surface  roughness  R i  and  contact  angle  9,  are  rather  saaller  than 
the  calculated  values. 

On  sheet  aaterials  except  titaniua,  the  tendency  by  theory  and  experiment 
has  good  agreeaent,  too.  Therefore,  the  dynaaic  friction  factor  n  between  snow 
and  sheet  aaterial  can  be  predicted  froa  the  equations  derived  in  this  paper. 
After  this,  we  are  going  to  investigate  the  effect  of  V  on  Fa,  the  effect  of 
factors  except  R i  and  0  and  to  exaaine  the  effect  of  T  in  detail.  And  a  aore 
■unilateral  study  on  the  friction  resistance  of  snow  will  be  conducted. 


Table  IV  Unevenness  Conditions  Table  V  Various  Values  Used  for 

of  Teat  Sheets  Surface  the  Theoretical  Analysis 


Sheet  No. 
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r 

Rg(m)  Syabols 
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So:  (ca>) 

52.5 

Tva-2 
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rtf  (g/cB'S) 

1.79*10-* 

Tan-3 
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refer  to  k:  (dyn/ca) 

7.8X10’ 

Tf  1-4 
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table  ■  c:  (dyn‘S/a) 

1.5X10* 

SS-5 

500 
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Figure  9  -  Calculated  Values  *nd  Experimental  Values  about  u 
5. Conclusions 

The  dynamic  friction  resistance  between  snow  and  sheet  saterials  has  been 
clarified  from  both  experiaent  and  theory.  Obtained  conclusions  are  as  follows. 

(1)  Dynamic  friction  factor  is  influenced  by  surface  rouihness,  contact  angle 
between  sheet  and  water,  snow  sliding  velocity,  snow  temperature  and  con¬ 
tact  pressure  on  fluid  film  of  snow. 

(2)  The  tendency  of  conclusion  (1)  can  be  explained  on  the  whole  by  a  discus¬ 
sion  of  friction  mode  between  snow  and  sheet  materials  based  on  Stribeck 
curve  and  the  analytical  results  based  on  the  theory  established  by  this 
discussion. 

The  results  of  this  research  seem  to  be  useful  for  the  design  and  choice 
of  materials  for  machine  structures  in  snow  fall  regions. 

Finally,  the  financial  support  of  this  study  by  the  Ninistry  of  Education 
in  Japan  (Scientific  Research  Subsidy  General  Research(c)  in  1990  and  1991, 
Dynaaic  Interaction  between  Snow  and  Nachlne  Structures,  Subject  No. 02650178) 
is  gratefully  acknowledged.  And  the  authors  are  very  thankful  to  KOBE  STEEL, 
LTD  for  providing  us  with  various  test  sheet  materials  and  valuable  data. 
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BETA  TITANIUM 

IN  THE  UNITED  STATES  SURFACE  NAVY 
IMPROVED  WATER  BRAKE 
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NAVAL  AIR  WARFARE  CENTER,  AIRCRAFT  DIVISION,  LAKEHURST.  NJ 


Attract 

This  paper  describee  the  developaent  effort  utilising  Ti  3A1-8V-6- 
Cr-4Mo-4Zr  alloy  for  steaa  catapult  water  brake  cylinders  aboard 
US  Navy  aircraft  carriers. 

The  prototype  water  brake  is  a  one  piece  forging/extrusion.  It 
aeasures  2.44  a  in  length,  4S.7ca  outside  diaaeter,  and  possesses 
a  11.4ca  wall  thickness,  which  Bakes  it  the  largest  coaponent 
foraed  froa  Beta  C1  to  date.  The  finished  coaponent  has  a  yield 
strength  of  1103MPa  with  a  fracture  toughness  of  94MPa-a,/l. 


FIGURE  1  •  STEAM  CATAPULTS  IN  OPERATION  ABOARD  THE  USS  CONSTELLATION 


Tuonan.  92 
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The  U.S.  Navy  is  currently  evaluating  the  use  of  titanium  for 
several  components  of  the  steam  catapult  system  used  aboard 
aircraft  carriers.  These  design  programs  are  the  first  efforts 
by  the  Surface  Navy  to  utilize  titanium  on  major  structural 
components.  The  combination  of  lower  weight,  superior  marine 
corrosion  resistance,  and  high  strength  with  good  fracture 
toughness  make  the  Beta  alloys  attractive  alternatives  to  the  low 
alloy  steels  used  for  the  last  40  years. 

This  paper  concentrates  on  the  redesign  of  the  catapult's  water 
brake  by  the  Naval  Air  Warfare  Center,  Aircraft  Division, 
Lakehurst.  The  results  show  that  titanium  can  be  safely  sub¬ 
stituted  for  alloy  steels  in  certain  applications.  The  initial 
increased  cost  of  titanium  components  can  be  justified  by  life 
cycle  cost  savings. 


With  the  introduction  of  jet  aircraft  following  World  War  II,  the 
US  Navy  has  relied  on  catapults  to  launch  its  air  power  (Figure 
1) .  Currently,  all  catapults  are  steam  driven.  These  catapults 
employ  piston  assemblies  to  convert  the  expansive  power  of  steam 
in  the  launching  engine  cylinders  to  accelerate  the  aircraft  to 
its  power  takeoff  speed.  The  water  brake,  as  its  name  implies, 
halts  the  piston  assembly  following  release  of  the  aircraft.  It 
is  a  water  filled  tube  which  operates  on  the  hydraulic  ram 
principle  with  the  piston  assembly  spear. 

Figure  2  provides  a  schematic  of  the  major  components  of  the  steam 
catapult . 


LAUNCHING  CYLINDER 


FIGURE  2  ■  MAJOR  COMPONENTS  OF  STEAM  CATAPULT 


When  the  catapult  is  fired,  high  pressure  steam  is  admitted  into 
the  launching  engine  cylinders  and  creates  a  force  which  acceler¬ 
ates  the  piston  assembly.  A  mechanical  linkage,  comprised  of  a 
shuttle  assembly  and  tow  bar,  is  attached  to  the  piston  assembly 


and  transmits  this  fores  to  tha  aircraft.  This  linkage  is  such 
that  tha  aircraft  is  freed  as  soon  as  the  piston  assembly 
decelerates. 


At  the  end  of  the  catapult  stroke,  a  can-shaped  contour  on  the 
spears  at  the  forward  end  of  the  piston  assenbly  contacts 
entrained  water  in  the  water  brake.  As  the  piston  assembly 
continues  to  move  forward  due  to  ita  own  momentum,  this  cam-shaped 
contour,  acting  as  a  mandrel,  penetrates  the  water  brake  cylinder 
and  forcibly  expels  the  water.  The  resultant  deceleration  force 
halts  the  piston  assembly. 

The  2176Kg  piston  assembly  is  brought  from  58m/s  to  a  halt  in  only 
1.5m.  Internal  pressures  of  the  water  brake  can  reach  620MPa 
while  absorbing  energies  up  to  40,650,000  joules. 
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FIGURE  3  -  COMPARISON  OF  2  PIECE  ALLOY  STEEL  WATER 
BRAKE  DESIGN  (3a)  TO  1  PIECE  TITANIUM 
BRAKE  DESIGN  3b) 


Titanium  Water  Brake  Development  Program 


The  water  brake's  operating  environment  plus  the  current  use  of 
alloy  steel  results  in  a  design  which  is  subject  to  corrosion 
damage.  As  a  result,  the  Navy  experiences  costly  overhaul  repairs 
and  periodic  replacement  of  the  current  alloy  steal  water  brake. 
This  development  program  was  initiated  to  alleviate  these 
corrosion  problems  and  design  a  new  water  brake  to  last  tha  life 
of  the  ship,  which  is  40  years. 


Design 

Figure  3a  shows  the  design  of  the  existing  two  place  alloy  steel 
brake. 


This  configuration  suffers  corrosion  damage  in  the  crevices  at  the 
threaded  connections  both  at  the  south  and  end  of  the  brake. 
Corrosion  damage  also  occurs  in  the  bottom  of  the  cylinder  where 
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water  tanda  to  collect  daeplta  the  drain  port.  To  reduce  the 
corroalon  problems  and  eliminate  potential  crack  initiation  sites, 
the  end  plug  and  drain  port  features  of  the  existing  design  were 
eliminated.  The  elimination  of  the  end  plug  and  the  drain  port 
redistributed  streesea  and  resulted  in  the  requirement  for 
extensive  PEA  to  confirm  and  optimise  the  design.  The  new  design 
is  shown  in  figure  3b. 

The  drain  port  was  necessary  in  the  old  steel  design  to  keep 
excessive  water  from  collecting  in  the  bottom  of  the  cylinder  and 
corroding  it  away.  The  new  design  without  a  drain  port  would 
require  a  material  immune  to  corrosion  in  the  water  brake 
environment. 

Material  Selection 

The  new  design  presented  demanding  material  requirements.  To  keep 
the  same  ultimate  burst  pressure  of  the  old  design  this  material 
needed  a  minimum  ultimate  tensile  strength  of  1103MPa.  The 
material  also  had  to  be  immune  to  corrosion  in  the  water  brake's 
environment.  In  operation  this  environment  is  82  degrees  C  water 
with  a  maximum  salinity  content  of  .5  percent.  An  extensive 
literature  survey  yielded  only  three  possible  material  choices. 
They  were  38644  titanium  and  inconel  718  and  13-8  PH  stainless 
steel.  These  materials  ware  evaluated  in  a  corrosion  test 
conducted  at  ocean  City  Research  Co. 

During  the  air/water  interface  corrosion  susceptibility  tests,  the 
inconel  718  and  titanium  38644  alloys  were  not  affected.  The  13-8 
PH  stainless  steel  pitted  badly  and  the  current  alloy  steel  (.35 
C,  3.0  Ni,  1.0  Cr,  .5  Mo)  pitted  and  suffered  extensive  general 
corrosion. 

Titanium  38644  was  chosen  as  the  top  candidate  because  of  its 
lower  weight  and  better  thru  hardening  capability.  The  choice  of 
titanium,  however,  raised  some  serious  questions.  While  the 
required  ultimate  teneile  strength  was  achievable  the  material  has 
a  notable  decrease  in  fracture  toughness.  This  necessitated  a 
detailed  finite  element  analysis  and  fracture  mechanics  analysis. 

Finite  Element  Analysis 

In  view  of  the  reduced  fracture  toughness  of  titanium  as  compared 
to  steel  and  in  consideration  of  the  complexity  of  the  water 
brake,  the  importance  of  an  accurate  structural  analysis  became 
obvious.  Review  of  the  literature  revealed  that  there  is  no 
closed  form,  classical  solution  to  analysis  of  this  water  brake 
design:  a  thick-walled  pressure  vessel,  intersected  by  a 

transverse  hole  into  a  radius  at  the  one  closed  end.  Therefore, 
we  selected  finite  element  analysis  as  the  method  of  choice. 

Computer-bases  performance  predictions  relating  internal  pressure 
in  the  water  brake  to  position  of  the  cam  contour  on  the  spears 
resulted  in  peak  pressures  of  approximately  620MPa. 


Consideration  of  expected  high  stresses  at  the  through  thickness 
hole  formed  by  the  vent  port  required  a  refined  technique.  A  mesh 


comprised  of  24  tlmnta,  each  15  degrees  of  arc,  was  employed  to 
provide  the  accuracy  required  for  this  vent  port.  The  sain 
portion  of  the  water  brake  cylinder  was  modeled  with  two  rows  of 
elements  since  stresses  were  expected  to  be  primarily  caused  by 
in-plane  forces  in  this  region. 

Taking  advantage  of  symmetry,  only  one-quarter  of  the  brake  was 
modelled.  Figure  4  presents  the  finite  element  model  employed. 


Solution  was  obtained  using  the  ALGOR  FEA  code  on  a  286  PC. 

Figure  5  presents  stresses  predicted  by  the  FEA  model.  The 
maximum  stress  occurs  safely  in  the  vent  port  region.  The  radius 
of  the  closed  end,  which  is  intersected  by  the  vent  port,  was 
selected  as  a  compromise  between  ease  of  formability,  which 
results  in  a  sharp  radius,  and  structural  concerns,  for  which  a 
large  radius  is  desirable. 


FIGURE  4  *  FEA  MODEL  FIGURE  5  -  FEA  STRESS 

PREDICTION 


Fracture  Mechanics 

Table  I  summarizes  the  results  of  the  analyses.  It  shows  that  the 
new  design  configuration  safely  compensates  for  the  lower  fracture 
toughness  of  the  titanium  alloy.  The  one  piece  titanium  water 
brake  has  a  higher  resistance  to  catastrophic  fracture  than  the 
two  piece  steel  brake  and  it  will  not  initiate  a  flaw  due  to 
corrosion  in  the  operating  environment. 
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LOCATION  ANALYZED 


CRITICAL  FLAW 
SIZE,  Aerfnm) 


2  PIECE  STEEL 

DRAIN  PORT  IN 

O.M 

CYLINDER  BORE 

1  PIECE  Ti 

CYLINDER  BORE 

9.90 

VENT  PORT 

2.94 

TABLE  I  •  RESULTS  OF  FRACTURE  MECHANICS  ANALYSIS 


Th«  prototype  was  ths  largest  pises  of  Beta  C  titanium  formed  to 
date.  Fabrication  was  dons  at  Casaron  Forge  Co.  in  Houston  TX 
under  contract  managed  by  Titanium  Technologies  also  of  Houston. 
Figurs  6  shorn  the  saquancs  of  operations  utilized. 
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FIGURE  6  •  FABRICATION  SEQUENCE 

The  blocked  billet  received  from  the  RMI  Titanium  Co.  was  piercsd 
and  extruded  with  excess  material  left  on  the  opened  end.  Several 
rings  wars  cut  from  the  open  end  and  run  through  heat  treat 
operations  utilizing  two  solution  treating  temperatures  and  four 
aging  temperatures  to  provide  NAWC  Lakehurst  the  data  from  which 
to  choose  the  treatment  for  the  final  product.  Figure  7  shows  the 
mechanical  testing  data  which  was  gsnerated  from  the  aforemen¬ 
tioned  heat  treated  samples. 
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FIGURE  7  -  RESULTS  OF  MECHANICAL  TESTING 


NAWC  Lakahurat  aalactad  tha  traataant  of  927  degrees  C  aolution 
traataant  with  a  552  degree  C  age  to  optiaiza  toughnaaa.  Tha  haat 
traatad  cylindar  waa  100  parcant  UT  inapactad  to  a  1.93mm  flat 
bottom  hola  calibration  atandard.  Tha  part  waa  the.)  final 
aachinad  and  ahippad  to  Lakahurat. 

Prototvpa  Taatina 

Tha  prototypa  cylindar  waa  dalivarad  to  NAWC  Lakahurat  for  taating 
varification.  Tha  watar  braka  was  slightly  aodifiad  by  drilling 
a  port  to  taka  a  prasaura  raading.  Tha  braka  was  installed  in  tha 
catapults  at  Lakahurat  and  instrumented  with  strain  gauges.  It 
was  installed  at  our  full  acala  catapult  next  to  a  conventional 
steal  braka,  which  allowed  comparison  between  the  two  types.  A 
series  of  catapult  shots  ware  run  with  increasing  and  speeds.  Tha 
performance  of  tha  braka  was  monitored  at  each  increment.  These 
tests  indicated  that  tha  titanium  braka  performed  as  expected:  it 
halted  the  piston  assembly  without  fracture,  as  did  the  steal 
braka,  and  within  acceptable  performance  limits. 

Currant  and  future  Efforts  at  NAWC  AD  Lakahurst 

Hatir  an to 

NAWC  ia  currently  running  a  study  through  the  Applied  Research  Lab 
at  Penn  State  University  to  examine  tha  feasibility  of  utilizing 
electron  beam  welding  for  tha  manufacture  of  tha  titanium  watar 
braka.  This  affort  is  to  reduce  tha  manufacturing  cost  of  tha  one 
piaca  cylindar  and  will  be  completed  this  year.  A  welded 
construction  will  also  allow  batter  control  in  machining  tha 
closed  and  of  the  braka  which  proved  extremely  difficult  during 
prototypa  manufacture.  A  smooth,  generous  radius  is  needed  to 
keep  strassaa  at  a  minimum  as  shown  by  the  FEA. 

In  addition,  rapid  load  fracture  toughness  tasting,  crack 
initiation  tests,  and  crack  growth  rata  studies  will  be  performed 
in  a  simulated  brake  environment.  Acoustic  amission  and  ultrason¬ 
ic  tasting  procedures  will  also  be  developed  for  periodic 
inspections.  Results  of  tha  fracture  mechanics  analysis  will  be 
used  for  establishing  inspection  intervals  to  realize  a  fail  safe 
design. 


Nw  studies  hsvs  just  begun  for  evaluating  the  uss  of  titaniua  for 
the  barrel  of  the  piston  asssmbly  (Figure  8).  Hers  the  decrease 
in  weight  is  expectsd  to  significantly  extend  service  life 
cospered  to  the  current  steal  alloy  construction.  This  program 
is  currently  ongoing. 


SPEAR 


(Mil  Al) 

FIGURE  8  •  CATAPULT  PISTON  ASSEMBLY 


(1)  Beta  C  is  a  trade  mark  of  the  RMI  Titanium  Company. 
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PRODUCTION  OF  TITANIUM  6A1-4V  ELI  ELECTRONIC  BOTTLES 


FOR  THE  CURV  III  SUBMERSIBLE 


M.E.  Well*  and  J.A.  Saaae 

Carderock  Division,  Naval  Surface  Warfare  Center 
Annapolis,  Maryland  21402- 5067 


Abstract 

The  U.S.  Navy  is  engaged  in  a  program  to  upgrade  the  CURV  III  submersible 
vehicle  for  salvage  operations  to  6,096  meters.  This  report  describes  the 
production,  inspection,  and  testing  of  titanium  electronic  bottles  for  the 
vehicle.  Information  is  presented  on  the  manufacture  of  the  electronic 
bottles  from  the  primary  fabrication  of  forged  billets  to  an  evaluation  of 
the  hydrostatic  performance  of  an  electronic  bottle.  In  brief,  three 
titanium  alloy  T1  6A1-4V  ELI  Ingots  of  83.8  cm  diameter  by  approximately 
4,536  kg  were  converted  to  billet  products  using  a  beta/alpha-beta  forging 
procedure  to  produce  a  microstructure  consisting  of  a  mixture  of  elongated 
and  equlaxed  alpha  and  Intergranular  beta.  The  resultant  mechanical 
properties  met  all  strength  and  toughness  requirements  of  the  contract 
specification.  However,  the  forged  billets  for  the  end  cap  components 
failed  to  meet  the  ultrasonic  Inspection  requirement  for  detection  of  a  1.98 
cm  flat  bottom  hole  (FBH).  The  billet  pieces  did  meet  a  3.18  cm  FBH 
criteria  which,  with  additional  mechanical  property  test  results,  was 
considered  adequate  to  allow  acceptance.  The  forged  billet  pieces  were 
flnlsh-machlned  Into  externally  rib-stiffened  cylinders  and  hemispherical 
end  caps.  The  components  were  assembled  into  electronic  bottles,  and  one 
bottle  was  Instrumented  for  hydrostatic  testing.  The  test  results  indicated 
satisfactory  performance  with  no  evidence  of  creep  strain  at  the  design 
operating  depth.  After  proof  testing  the  remaining  bottles,  all  components 
were  delivered  to  the  prime  contractor  for  Installation  on  the  vehicle. 
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Introduction 


The  U.S.  Navy  is  engaged  in  a  prograa  to  upgrade  the  CURV  (Cable-controlled 
Undervater  Recovery  Vehicle)  III  submersible  system  for  salvage  operations 
at  depths  up  to  6,096  m.  The  present  CURV  III  systea  was  built  in  1971. 

With  a  operating  depth  of  1,829  a,  it  was  one  of  the  first  successful  cable- 
controlled  undersea  work  vehicles  coaaonly  referred  to  today  as  an  ROV  or 
AUV.  The  new  CURV  III  vehicle  will  have  two  configurations,  one  with  a  TMS 
(Tether  Management  System)  for  high  ocean  currents  and  depths  to  2,638  a. 

The  other  configuration  will  be  used  in  low  current  conditions  and  depths  to 
6,096  m. 

The  electronic  equipment  on  the  vehicle  will  be  housed  in  three  pressure 
resistant  containers,  known  as  electronic  bottles,  Pig.  1.  The  bottles  were 
designed  as  cylinders  with  healspherical  end  caps  using  the  following 
aaterlal  design  values  for  T1  6A1-4V  ELI: 

compressive  yield  stress  -  758.4  MPa 
proportional  limit  stress  -  606.7  MPa 
Young's  modulus  -  122.0  CPa 

The  cylindrical  portion  of  each  bottle  was  designed  for  a  34.3  cm  inside 
diameter.  Each  cylinder  is  18.1  mm  thick  with  a  length  of  152.4  cm. 

Eighteen  external  frames  on  7.47  cm  centers  are  used  to  stiffen  each 
cylinder,  along  with  a  "deep”  frame  at  each  end.  The  end  caps  are 
hemispherical  shells  of  19.1  ns  thickness ,  attached  to  the  ends  of  the 
cylinder  with  V-retalner  coupling  clamps  (Marman  clamps).  One  of  each  pair 
of  end  caps  has  six  50.8  mm  diameter  holes  to  accommodate  electrical 
penetrators. 

A  total  of  three  cylinders  and  six  and  caps  were  required  to  house  the 
electronic  equipment  on  the  vehicle.  Upon  completion  of  the  design  phase, 
work  was  initiated  to  produce  forged  billets  for  the  manufacture  of  the 
cylinder  and  end  cap  components.  A  second  objective  was  to  verify  the 
structural  performance  of  an  electronic  bottle  by  hydrostatic  testing  to  the 
design  operating  depth  of  6,096  m. 


Fig.  1.  Schematic  of  electronic  bottle. 


Forged  billet  Production  and  Inspection 

Three  heats  of  T1  6A1-4V  ELI  were  produced  by  double  melting  in  an  electric 
arc  furnace.  A  tingle  83.8  cm  diameter  by  4,536  kg  ingot  was  cast  from  each 
heat.  Table  I  presents  the  producer's  major  element  chemical  analysis  of 
esch  ingot,  along  with  the  requirements  of  the  contract  specification.  The 
beta  transus  temperature  (*C)  of  each  ingot,  as  determined  experlmentslly  in 
a  gradient  furnace  by  the  producer,  is  also  provided  in  the  table. 


Table  I.  Chemical  composition  of  T1  6A1-4V  ELI  Ingots  (weight  %). 
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70 
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60 

80 

2 
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Cylinder  Billets 

The  forged  billets  for  the  cylindrical  components  of  the  electronic  bottles 
came  from  the  Ingot  of  heat  3454.  The  ingot  was  Initially  heated  in  a 
furnace  to  1149  *C  and  upset  forged  to  a  96.5  cm  round  cross  section.  Flat 
dies  were  used  to  reduce  the  cross  section  to  a  76.2  cm  square  In  a  series 
of  two  reheats  above  the  beta  transus  of  the  alloy.  Air  cooling  was 
performed  to  increase  centerline  consolidation  of  the  Initial  cast 
structure.  Final  forging  operations  were  performed  below  the  beta  transus 
of  the  alloy.  The  piece  was  heated  In  a  furnace  to  927  *C  and  forged  to  a 
63.5  cm  square  cross-section.  Flat  dies  were  then  used  to  achieve  the  final 
shape  (48  cm  round)  in  a  series  of  four  reheats.  After  forging,  the  billet 
was  annealed  at  704  *C  for  two  hours  and  air  cooled.  Three  pieces  of  48  cm 
outside  diameter  x  155  cm  long  were  cut  from  the  billet.  The  billet  pieces 
were  lath-turned  and  then  machine -trepanned  to  47  cm  OD  x  29.8  cm  ID  x  155 
cm  long.  The  Interstitial  content  of  the  final  billet  was:  oxygen-1000  ppm; 
nltrogen-40  ppm;  carbon-180  ppm  and  hydrogen-45  ppm. 

End  Cap  Blllctt 

Billet  material  for  the  end  caps  was  obtained  from  two  Ingots:  heats  3455 
and  6853.  The  forging  procedures  were  the  same  as  those  used  for  the  Ingot 
of  heat  3454.  Initial  breakdown  of  the  Ingots  was  performed  above  the  beta 
transus,  followed  by  a  significant  amount  of  metal  deformation  below  the 
beta  transus,  high  In  the  alpha-bets  temperature  field.  After  forging,  the 
billets  were  annealed  at  704  *C  for  two  hours  and  air  coolad.  From  the 
forged  billet  of  heat  3455,  five  billet  pieces  of  40.1  cm  diameter  x  28  cm 
long  were  taken.  The  interstitial  content  of  this  billet  was:  oxygen- 1000 
ppm;  nltrogen-80  ppm;  carbon-200  ppm  and  hydrogen-17  ppm.  One  piece  40.1  cm 
diameter  x  28  cm  long  was  cut  from  the  final  billet  product  of  heat  6853. 

The  Interstitial  content  of  this  piece  was:  oxygen- 900  ppm;  nitrogen- 50  ppm; 
carbon-150  ppm  and  hydrogen-54  ppm.  The  six  billet  pieces  were  machined  to 
39.4  cm  diameter  x  26.7  cm  long. 

Ultrasonic  Inspection 

The  nine  billet  pieces  were  conditioned  for  ultrasonic  inspection  by  turning 
to  a  surface  finish  of  250  RMS.  The  Inspection  was  performed  In  accordance 
with  MIL-STD-271F  using  the  longitudinal  wave  technique  with  a  contract 
requirement  for  detection  of  a  1.98  cm  diameter  flat  bottom  hole  (FBH).  All 
three  of  the  trepanned  billet  pieces  from  heat  3454  met  the  requirement  for 
detection  of  a  1.98  cm  diameter  flat  bottom  hole.  The  six  solid  pieces  from 


heats  3455  and  6853  failad  to  seat  the  1.98  ca  criteria  due  to  high 
background  nolaa,  but  ware  acceptable  to  a  3.18  ca  dlaaatar  flat  bottoa  hole 
criterion.  While  Che  probleas  In  obtaining  good  aonlc  penetration  In  thick 
aectlon  tltanlua  forglnge  are  well  known  (1-2),  additional  aechanlcal 
property  teata  were  aade  on  aaterlal  froa  the  center  of  the  aolld  billets  to 
ensure  the  quality  of  the  end  cap  coaponents.  The  results  of  these  teats 
(Table  II)  were  considered  adequate  to  allow  acceptance  of  these  pieces. 

Microstructure  and  Mechanical  Properties 

A  test  block  was  cut  froa  one  billet  of  each  disaster  froa  each  heat  to 
provide  aaterlal  for  aechanlcal  property  and  alcrostructural  evaluation. 

For  the  aechanlcal  property  tests,  one  tension,  one  coapresslon  and  one 
Charpy  V-notch  speclaen  were  taken  near  the  surface  froa  two  locations  on 
the  test  block  90  degrees  apart.  In  both  the  longitudinal  (L)  and 
circumferential  (C)  directions.  In  addition,  a  second  set  of  twelve 
specimens  of  the  same  orientation  and  location  were  taken  on  aaterlal  froa 
the  center  of  the  billets  froa  heats  3455  and  6853.  Transverse  specimens 
for  alcrostructural  examination  were  taken  near  the  surfaces  and  center  of 
the  billets. 

Microstructure 

All  of  the  billets  exhibited  a  beta/alpha -beta  processed  type 
aicrostructure.  Representative  photomicrographs  taken  froa  the  billet  of 
heat  6853  are  provided  In  Fig.  2.  The  aicrostructure  consisted  of  elongated 
and  equiaxed  alpha  (light)  and  Intergranular  beta  (dark).  The  structure 
also  showed  evidence  of  elongated  beta  grain  boundaries  present  prior  to 
alpha-beta  forging,  as  Indicated  by  the  arrow  In  Fig.  2c.  Typically,  a 
coarse  plate -like  alpha  and  Intergranular  beta  structure  Is  produced  In 
thick  section  T1  6A1-4V  by  forging  in  the  beta  temperature  field  and  air 
cooling  (3).  The  forging  reductions  below  the  beta  transus  were  sufficient 
to  breakup  the  plate-llke  alpha  grains,  resulting  in  a  alxture  of  elongated 
and  equiaxed  grains  of  alpha.  There  were  no  Indications  of  grain  boundary 
alpha  which  can  provide  loci  for  crack  Initiation,  or  of  oxygen 
contamination  as  evidenced  by  brightly  etched  massive  regions  of  alpha 
phaae . 


100 


100  um 


(a)  100  ua 

Fig.  2.  Mlcrostructure  of  forged  billets:  (a)  top  surface; 

(b)  aid-thickness;  (c)  bottoa  surface. 

Mechanical  Properties 

The  aechanlcal  properties  of  the  forged  billets  are  presented  in  Tsble  II, 
along  with  the  minimum  requirements .  The  test  results  showed  that  all 
coapresslve  and  tensile  specimens  froa  the  surface  and  aid-thickness 
exceeded  the  minimum  yield  strength  requirements .  Directional  effects  were 
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Table  II.  Mechanical  properties  of  T1  6A1-4V  ELI  forged  billets. 
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Note:  Each  entry  Is  an  average  of  two  tests. 

Fc  -  proportional  Halt  In  compression. 


evident  In  the  data,  with  a  lover  average  yield  strength  In  the  longitudinal 
specimens  compared  to  the  circumferential  specimens.  Texture -dependent 
directional  effects  In  titanium  produce  higher  strength  and  lover  ductility 
In  the  circumferential  test  direction  (4),  as  vas  the  case  In  this  vork. 
There  vas  also  a  higher  average  yield  strength  at  the  surface  compared  to 
the  center  for  specimens  of  the  same  orientation.  The  lover  strength 
properties  at  the  center  are  attributed  to  alover  cooling  rates  and  are 
consistent  vith  results  for  other  high  strength,  thick  section  titanium 
forgings  Investigated  by  the  U.S  Navy.  All  Impact  specimens  exceeded  the 
minimum  CVN  requirement. 


Hydrostatic  Performance 


Electronic  Bottle 

After  final  machining,  one  of  the  cylinders  and  tvo  end  caps  vere  assembled 
Into  an  electronic  bottle  for  an  Instrumented  hydrostatic  test.  Single  and 
tvo -element  strain  gages  vere  attached  to  the  electronic  bottle  and  hard 
vired  into  a  Micro-Measurements  System  4000  strain  recording  system.  A 
photograph  of  the  Instrumented  bottle  Is  provided  in  Fig.  3. 


The  proof  test  was  performed  In  the  Detachnent’s  1.2  meter  dlaaeter  pressure 
test  chamber.  A  series  of  three  test  runs  were  made  to  a  maximum 
hydrostatic  pressure  of  62.3  MPa,  equivalent  to  a  depth  in  seawater  of  6,096 
meters.  Pressure  was  applied  in  Increments  with  strain  measurements  taken 
at  each  incremental  increase.  Each  run  also  included  a  hold  at  the  maximum 
pressure  to  check  for  creep.  Stresses  were  calculated  from  the  recorded 
strain  data  using  the  design  value  for  Young's  modulus  In  compression  (122.0 
GPa)  and  a  Poisson's  ratio  of  0.3.  Table  III  presents  the  experimental 
stresses  for  each  test  run  at  the  maximum  operating  pressure  of  62.3  MPa. 


Note:  *  (and  gages  W,  J,  L,  M,  Y,  Z  and  GG)  -  lost  due  to  water  intrusion 

vu 


The  nax l mum  average  screaa  on  the  bottle  at  the  design  operating  depth  for 
all  teat  runs  was  -638.5  MPa.  This  la  slightly  above  the  design 
proportional  Halt  stress  of  -606.7  MPa.  but  was  acceptable  since  no  creep 
strain  was  observed  at  this  location  during  the  1  hour  hold  of  test  run  #3. 
Average  experlawntal  stresses  at  all  other  locations  were  less  than  the 
design  proportional  Halt.  In  addition,  all  experlaental  calculated 
•Cresses  were  below  the  coapresslve  proportional  Halts  deteralned  froa 
tests  on  actual  billet  aaterlal.  Table  II. 

CURV  111  Vehicle 

After  hydrostatic  testing  the  reaalning  bottles,  all  coaponenta  wera 
Installed  on  the  CURV  III  in  preparation  for  a  vehicle  proof  test.  This 
test  was  perforaed  In  the  Detachaent's  3  a  dlaaeter  presaure  teat  chaaber, 
Fig.  4.  A  test  run  was  made  to  a  aaxlaua  hydrostatic  pressure  of  62.3  MPa 
to  verify  the  operation  of  aajor  vehicle  subsysteas.  Including  the 
thruaters,  hydraulic  systeas,  electrical  systeas  and  TV  unlta.  The  results 
Indicated  satisfactory  vehicle  performance  at  the  design  operating  depth  of 
6,096  a. 


Fig  5.  CURV  III  on  loading  rack  of  presaure  teat  chaaber. 


Work  In  Proarea a 

The  shallow  depth  configuration  of  the  vehicle  will  uae  titanlua 
spheres  for  flotation.  The  sphere  design  has  an  outside  radius  of  43.8  ca 
and  a  shell  thickness  of  12  95  aa  To  fabricate  the  spheres,  titanlua  alloy 
Tl-6211  disks  were  foraed  Into  healspheros  by  hot  spinning  The  as-spun 
healspheres  were  f lnlsh-aachined  on  the  Inside  and  outside  surfaces  except 
for  a  15  ca  wide  band  around  the  weld  joint.  Welding  procedures  were 
developed  for  Joining  the  healspheres.  using  the  burled-arc  CTAW  process  for 
the  root  pass,  and  conventional  CTAW  cold-wire  to  coaplete  the  one-alded 
Joint.  Radiography  of  the  coapleted  welds  showed  that  all  spheres  net  the 
U.S.  Navy  Claas  I  acceptance  standard  for  welda.  Upon  coapletlon  of  final 
aachlnlng  of  the  weld  band  area,  all  spheres  will  undergo  hydrostatic 
testing  to  the  design  operating  depth. 

UM 


The  production  of  forged  billete,  mechanical  property  test  results,  and 
hydrostatic  perfonsance  of  an  electronic  bottle  for  use  In  the  CURV  III 
vehicle  have  been  presented.  It  was  determined  that  the  cylinders  and  end 
caps  accepted  by  the  Navy  either  met  the  contract  specifications  or  were 
Judged  acceptable  after  technical  analysis  In  Instances  of  nonconformance . 
Proof  testing  of  all  electronic  bottles  Indicated  satisfactory  performance. 
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CORROSION  BEHAVIOR  OP  TIHETAL-21S  FOR  NOh -AEROSPACE  APPLICATIONS 


J.  S.  Orauman 
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Hander ion,  Nevada  89015 

Abatract 

Typically,  non-aaroipaca  or  industrial  applications  of  titanium  raly  on 
its  excsllent  corrosion  rasistancs.  Sonatinas,  applications  also  rsquira 
higher  strengths  than  C.P.  gradas  of  titaniun  can  offer.  High  atrangth 
titanium  alloya  unfortunately  do  not  usually  possess  the  necessary 
corrosion  resistance.  However,  a  recently  developed  titanium  alloy, 
TIMETAL-21S  (Ti-15Mo-2.7Nb-3Al-.2Si)  appears  to  fill  the  void  of  a  high- 
strength,  corrosion  resistant  alloy  for  the  CPI.  The  corrosion  behavior  of 
TIMETAL*21S  in  reducing  acid  environments  is  characterised,  comparing  it  to 
other  titanium  alloys.  In  addition,  hydrogen  absorption  under  cathodic 
charging  conditions  is  described.  Minor  compositional  variations  are 
studied  with  respect  to  effects  on  corrosion  behavior  and  hydrogen  uptake 
efficiency  (HUE).  Present  and  future  non-aerospace  applications  are  also 
discussed. 


Introduction 

Titanium  and  its  alloys  have,  for  roughly  30  years  now,  served  the 
corrosion  resistance  needs  of  non-aerospace  markets.  The  largest  share  of 
this  service  has  been  provided  by  unalloyed  or  commercially  pure  titanium. 
Table  I  liets  a  few  of  the  many  different  non-aerospace,  or  industrial 
applications  of  titanium.  Tha  majority  of  these  applications  require 
corrosion  resistance  to  be  the  primary  criterion,  with  mechanical  strength 
eecondary.  In  these  instances,  unalloyed  titanium  has  been  used  very 
successfully  and  economically.  In  the  event  commercially  pure  titanium 
does  not  possess  sufficient  corrosion  resistance  for  a  particular  appli¬ 
cation,  the  use  of  ASTM  grade  7  titanium  (Ti-.15Pd)  can  usually  solve  the 
corroeion  problem.  The  addition  of  palladium  to  C.P.  titanium  imparts 
dramatically  improved  corrosion  rssistance  without  altering  mechanical 
properties.  Unalloyed  titanium  also  has  attributes  such  as  excellent 
weldability  and  formability,  which  make  it  attractive  from  a  fabrication 
point  of  view. 

The  one  area  that  unalloyed  titanium  does  not  fare  well  in  is  mechanical 
strength.  When  high  temperature  and/or  pressure  service  is  requirsd, 
unalloyed  titanium  cannot  always  perform  economically,  since  excessive  wall 
thicknesses  are  required.  High  strength  titanium  alloys  can  sometimes  be 
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Table  I  Soma  Typical  Non-Aerospace  Application  of  Titanium 


Industry 

Process  Equipment 

Titanium  Allove  in  Use 

Chemical 

Veseels,  Piping,  fvaporatore. 
Distillation  Columns,  Ixchangere 

Unalloyed  Ti,  Grade  7  Ti, 
Grade  12  Ti,  Ti-6A1-4V 

Oil  &  Gas 

Coolers,  Overhead  Condensers, 
Sourwater  Strippers,  Reboiler s 

Unalloyed  Ti,  Grade  7  Ti 
Grade  12  Ti 

Power  Plante 

Condensers,  exchangers,  FGD 
Ductwork,  Service  Hater  Piping 

Unalloyed  Ti,  Grade  7  Ti 

Orthopaedic 

Joint  Implants 

Ti-6A1-4V  and  other  High- 
Strength  Ti  Alloy e 

Pulp/Paper 

Vessels,  Vakves,  Piping, 

Diffusion  Hasher  Internals, 

Pumps 

Unalloyed  Ti 

used,  but  they  typically  auffar  from  reduced  fabricability  aa  compared  to 
unalloyed  titanium.  The  moat  common  high  strength  titanium  alloy,  T1-6A1- 
4V,  also  often  times  lacks  the  necessary  corrosion  resietanca  for  a 
particular  application,  other  high  strength  titanium  alloys  possess 
corrosion  resistance  equal  to  or  better  than  commercially  pure  titanium, 
but  none  equal  the  resistance  of  the  Ti-Pd  alloy. 

Recently,  however,  a  new  titanium  alloy,  TIKITAI..21S  (Ti-15Mo-2 . 7Nb-3Al- 
.281)  waa  developed  ae  an  oxidation  resistant  material  for  use  in  metal 
matrix  composites.  The  mechanical/physlcal  property  requirements  necessary 
for  use  in  MMC's  also  meet  the  needs  of  industrial  applications.  Namely, 
cold  workability,  weldability,  and  being  producible  in  all  common  mill 
product  forms.  Since  this  is  a  beta  titanium  alloy,  it  readily  responds  to 
heat  treatment,  yielding  strength  levels  3-4X  higher  than  unalloyed 
titanium.  Finally,  the  high  molybdenum  content  suggested  that  this  alloy 
might  have  excellent  reducing  acid  corrosion  resistance  analogous  to  other 
Ho-containing  titanium  alloys.!  it  appeared  this  alloy  could  be  well 
suited  to  serve  the  industrial  marketplace  as  a  high  strength,  corrosion 
resistant  titanium  alloy. 

This  paper  outlines  some  of  the  properties  of  TIMXTAI.«21S,  highlighting  the 
corrosion  reaistance  of  the  alloy  in  extremely  aggressive  environments. 
Applications  of  this  new  alloy  in  non-aerospace  markets  are  also  addressed. 

TIM1TAL«218  Property  Considerations 

A  comparison  of  mechanical  propertias  between  TIKITAL«21S  and  grade  2 
titanium  is  shown  in  Table  II.  The  advantage  of  a  heat  treatable  alloy  is 
that  it  allows  the  end  ueer  to  be  flexible  in  determining  critical  property 
criteria.  For  ease  of  formability,  the  solution  treated  condition  would  be 
eelected.  However,  for  high  temperature  or  pressure  eervice,  one  of  the 
8TA  condltione  would  be  preferred. 


Tibi*  II  Comparison  of  Typical  Mechanical  Properties  Between  Grade  2 
Titanium  and  TIKXTAL*21S 


Alloy 

UTS 

(MPa) 

Xfi 

(MPa) 

11 

% 

A5TM  Orade  2  Ti 

483 

345 

28 

TIMXTAL0218  8T 

1 

870 

840 

20 

TIMXTAL8218  8TA 

2 

1110 

1034 

10 

TIKBTAL4Q1S  8TA 

3 

1410 

1310 

5 

1843*C,  30  Min  AC. 
2593*C,  8  Hr. 
34B2*C,  8  Hr. 


TIKBTAL«21S  offers  all  the  fabrication  advantages  of  unalloyed  titanium  and 
other  metastable  beta  titanium  alloys,  such  as  Ti-15V-3Cr-3Sn-3Al 
(TIMITAL.15-3) .  The  alloy  is  easily  produced  into  bar,  billet,  strip,  and 
foil  and  can  routinely  pass  a  It  bend  teat,  which  surpasses  the  cold 
foraability  of  grade  2  titanium.  TIKZTAL.21S  also  has  excellent 
weldability,  again,  a  necessity  for  moat  industrial  applications,  such  as 
heat  exchangers,  reactor  vessels,  and  mixera. 
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The  beneficial  affect  of  molybdenum  additiona  on  reducing  acid  corrosion 
resistance  of  titanium  alloys  has  been  wall  established.1'2'3  Substantial 
improvement  in  corrosion  resistance  is  flrat  observed  at  about  3-4  wt.» 
molybdenum  addition.  Increasing  concentrations  yield  correspondingly 
diminished  corrosion  rates.  Thus,  it  was  anticipated  that  TIMXTAL.21S 
would  have  excellent  resistance  to  reducing  acids,  such  as  hydrochloric  and 
sulfuric.  TIKBTAL*218,  however,  exceeds  the  corrosion  resistance  expected 
for  a  IS  wt.t  molybdenum  addition.  This  can  be  evidenced  by  comparing 
passive  to  active  transition  levels*  for  Mo-contalning  titanium  alloys. 
Figure  1  presents  several  0.127mm/yr  passive  to  active  transition  levels  in 
HC1.4  TIMXTAL'218  exceeds  the  resistance  of  other  15%  molybdenum  alloys  by 
nearly  a  factor  of  two. 
s 
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figure  1  -  Passive  to  active  transitions  (0.127saa/yr)  for  several  titanium 
alloys  in  hydrochloric  acid. 

'Passive  to  active  transition  level  ia  defined  here  as  the  acid  concen¬ 
tration  (in  wt.t)  corresponding  to  a  corrosion  rate  of  0.127sss/yr. 
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The  driving  fore*  behind  this  greater  than  expected  corroaion  resistance  is 
an  additive  relationship  between  tha  molybdenum  and  the  niobium.  The 
effect  of  niobium  appears  to  reauin  ralatively  constant,  whather 
considering  a  Ti-Nb  binary,  or  Ti-Ko-Nb  tertiary  alloy.  In  both  cases,  tha 
addition  of  Mb  roughly  halves  the  corrosion  rate,  aa  shown  in  Figure  2. 5 
The  additive  effect  produces  an  alloy  that  ia  nearly  the  equal  of  grade  7 
titanium  (Ti-.lSPd),  which  has  tha  greatest  resistance  to  reducing  acids  of 
any  commercially  availabla  titanium  alloy.  Similar  results  are  observed  in 
hydrochloric  acid  solutions.  This  effect  carries  over  to  crevice  corrosion 
resistance  in  acidic  chloride  media,  where  T1METAL*21S  resists  attack  to  pH 
levels  of  0.2. 6  Once  again,  tha  rasistance  of  the  alloy  parallels  that  of 
grade  7  titanium. 
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Figure  2  -  Effect  of  Molybdenum  and  Niobium  additions  on  the  corrosion 
rate  of  titanium  in  sulfuric  acid. 

Hydrogen  absorption  is  usually  considered  a  concern  when  titanium  is 
exposed  to  reducing  acids,  galvanic  couplss,  or  cathodic  protection.  Under 
the  right  conditions  excessive  hydrogen  absorption  can  eventually  lead  to 
embrittlement  of  the  titanium.  TIMETAL»21S  has  shown  a  tolerance  of  over 
3000  ppm4,  or  roughly  ten  times  the  acceptable  tolerance  level  for 
unalloyed  titanium.  This  extremely  high  tolerance  level  is  typical  for 
beta  titanium  alloys,  due  to  high  solubility  of  hydrogen  in  the  beta  phase. 
Hydrogen  absorption  tests  which  measure  the  hydrogen  uptake  efficiency 
(HUE)  of  a  material  demonstrate  that  TIMETAL»21S  also  resists  absorption 
better  than  any  currently  available  titanium  alloy,  as  shown  in  Figure  3. 
The  figure  also  illustrates  the  beneficial  additive  effect  of  molybdenum 
and  niobium  alloying,  analogous  to  that  observed  in  reducing  acid 
environmenta,  as  described  earlier.  Thus,  TIMETAI,>21S  offers  the  unique 
combination  of  low  hydrogen  absorption  rates  and  a  high  tolerance,  whereas 
all  other  titanium  alloys  have  either  one  or  the  other  attribute,  but  never 
both. 
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Figure  3  -  Hydrogen  Uptake  Efficiency  (HUE)  of  eeveral  titanium  alloya. 


Induatrial  Applications  of  TIHETAL«21S 


Plating 

One  of  the  firat  induatrial  applications  involved  the  uae  of  TIMET AL*21S 
atrip  in  an  electrochemical  plating  operation.  The  higher  atrength  of  the 
alloy  in  the  aolution  treated  condition  waa  utilized  for  improved  fatigue 
life  and  to  reduce  the  chance  of  tenaile  overload.  In  addition,  excellent 
corroaion  reaiatance  waa  required  due  to  the  pretence  of  hot  eulfuric  acid 
in  the  proceae  etream.  Finally,  TIMETAL>21S  alao  aolved  a  recurring 
problem  of  hydrogen  embrittlement  in  certain  areaa  of  the  proceea  etream 
where  galvanic  corroaion  waa  being  experienced.  The  excellent  hydrogen 
abaorption  reaiatance  and  high  hydrogen  tolerance  haa  eaaentially 
eliminated  the  problem.  In  all  caaea,  the  material  TIMETAL»21S  replaced 
waa  unalloyed  titanium. 

CPI 

TIKKTAL«21S  ia  currently  being  teated  for  uae  in  an  organic  acid  proceea 
etream.  Unalloyed  titanium  and  to  a  leaaer  extent,  Ti-Pd  Buffer  hydrogen 
embrittlement  in  thie  organic  acid.  Thia  ia  believed  to  be  caueed  by  an 
apparent  weakening  of  the  protective  oxide  film  allowing  penetration  of 
hydrogan.  It  ia  believed  TIMETAL»21S  will  be  better  able  to  reaiat  the 
abaorption  of  hydrogen  even  if  the  oxide  film  ia  partially  weakened.  The 
proceea  equipment  involved  ia  a  high  temperature  preeeurized  reactor. 

faittntri 

TIMETAL.21S  ie  preeently  being  evaluated  in  aeveral  non-aerospace  fastener 
studies  being  conducted  by  the  Navy  and  a  research  group  funded  by  offshore 
oil  companies.  The  media  for  these  studies  ia  seawater,  which  can  be 
effectively  handled  by  all  titanium  alloys.  However,  unalloyed  titanium 
does  not  possess  the  atrength  required  to  replace  the  current  fastener 
material,  Monel  K-500.  The  concern  foi  some  high  strength  titanium  alloys 
ia  SCC,  and  hydrogen  embrittlement  from  cathodic  protection.  TIMETAL«21S 
is  expected  to  be  a  prime  candidate  fastener  material  for  seawater  service 
due  to  its  excellent  resistance  to  hydrogen  absorption,  good  strength  and 
creep  resistance,  and  immunity  to  seawater  SCC  (based  on  fracture  toughness 
data) . 


TIMITAL»21S,  and  a  modified  varaion  of  tha  alloy  containing  palladium,  hava 
baan  ahown  to  ba  tha  moat  prooiaing  alloya  to  combat  tha  aggraaaiva 
conditiona  in  daap  aour  oil  and  gaa  walla.  TIMITAL»218  (mod  If  lad)  axhibita 
unaurpaaaad  SCC  raaiatanca  to  downhola  anvironmanta, 5  which  will  ba 
utilizad  aa  walla  ara  drillad  to  daapar  daptha,  whara  tamparaturaa  can 
axcaad  250*C.  Tha  alloy  alao  offara  tha  poaaibility  of  uaing  uninhibitad 
acid  aolutiona  downhola  whan  walla  naad  to  ba  claanad  for  incraaaad 
production  capability.  TIMXTAL«21S  ia  tha  only  currant  candidata  material 
capabla  of  raaiating  thaaa  concantratad  raducing  acid  aolutiona.7 

Summary 

TIMXTAL«21S  appaara  capabla  of  filling  tha  void  of  a  high  atrangth 
corroaion  raaiatant  alloy  for  non-aaroapaca  applicationa.  It  will  not 
raplaca  grada  2  or  avan  grada  7  titanium,  whara  thaaa  matariala  ara  baing 
utiliiad  auccaaafully.  Howavar,  in  cartain  applicationa  involving  high 
tamparatura  raducing  acid  madia,  auch  aa  daap  aour  gaa  walla,  TIMETAL>21S 
ia  baing  conaidarad  a  viable  altarnativa.  significant  market  applicationa 
will  alao  ariaa  for  TIMXTAL>21S  in  areaa  whara  unalloyed  titanium  auffara 
axceaaiva  hydrogen  abaorption,  whether  by  detrimental  galvanic  couplea, 
electrochemical  charging,  or  corroaion. 
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Abstract 

In  common  with  other  valve  metals  such  as  aluminum  and  tantalum,  titanium  forms  an  oxide 
film  of  high  electrical  resistivity  under  anodic  polarization  conditions.  Electronic  grade  Ti 
(99.99+%  metallics  basis)  was  anodized  to  100  volts  or  more  in  a  variety  of  solutions  of 
phosphoric  acid  in  an  aptotic  solvent.  The  films  were  formed  under  galvanostatic  conditions 
until  a  preset  voltage  was  reached,  after  which  the  voltage  was  held  constant.  The 
anodization  war,  then  continued  until  a  minimum  in  the  current  decay  was  reached  and 
anodization  stopped.  Three  regimes  of  electrochemical  behavior  were  observed 
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Introduction 


Anodizing  titanium  conventionally  employs  aqueous  electrolytes  of  mineral  acids  with 
impressed  voltages  up  to  100  volts  or  more.  Anodized  titanium  provides  improved  corrosion 
resistance  and  is  decorative  as  well. 

Titanium  is  a  member  of  the  family  of  so-called  valve  metals  whose  anodized  oxides  readily 
conduct  electricity  only  if  the  substrate  is  made  cathodic.  Such  films  are  not  useful  diodes, 
however.  Tantalum  arid  aluminum  are  the  most  important  valve  metals  and  together  provide 
the  basis  for  a  large  segment  of  the  electrolytic  capacitor  industry.  The  superior  dielectric 
properties  of  titanium  oxide  has  not  been  exploited  for  such  use  because  anodized  titanium 
films  are  leaky  at  best  Residual  leak  rates  through  anodized  films  of  titanium  are  still  orders 
of  magnitude  larger  than  those  attainable  for  tantalum  and  aluminum.  Nevertheless,  the  high 
dielectric  properties  of  titanium  hold  possibilities  for  miniaturization  of  capacitors  as  well  as 
increased  storage  power  density. 

The  ALTA  Research  Laboratory  therefore  embarked  on  a  survey  designed  to  further  the 
understanding  of  the  anodizing  process  in  titanium. 

F.inerlmwital 

All  material  used  for  the  mechanism  work  was  99.998%  pure  electrolytic  titanium  foil  on  a 
metallic  basis.  The  foil  analyzed  about  400  ppm  total  gases.  Electronic  grade  titanium  was 
used  because  purity  is  an  important  factor  in  the  performance  of  both  tantalum  and  aluminum 
anodic  films  and  it  was  thought  that  titanium  might  be  an  analogous  case.  Commercial  purity 
titanium  as  well  as  the  well  known  Ti-6A1-4V  alloy  were  anodized  for  reference  purposes  but 
were  not  studied  extensively  and  will  not  be  reported  here. 

Specimens  with  areas  of  about  10  to  SO  square  centimeters  were  prepared  by  pickling  in 
dilute  nitric  acid  with  just  enough  hydrofluoric  acid  to  cause  hydrogen  evolution  in  a  stirred 
solution  at  room  temperature.  This  was  followed  by  rinsing  in  deionized  water  and  high 
purity  acetone  before  drying.  Pickling  times  were  on  the  order  of  one  minute.  In  all  cases 
the  specimens  were  kept  clean  and  not  touched  until  after  anodizing  was  complete. 

The  ionic  component  of  the  anodizing  solutions  was  provided  by  85%  orthophosphoric  acid. 
Aptotic  solvents  were  selected  from  readily  available  organic  solvents  such  as  propylene 
carbonate,  gamma  butyrolactone  and  the  ethyl  and  methyl  pyrrolidones. 

The  aptotic  nature  of  a  solvent  is  qualitatively  indicated  for  purposes  here  by  the  lack  of 
reaction  between  a  S  vol.  %  solution  of  phosphoric  acid  in  the  solvent  in  question  and 
granulated  ammonium  carbonate.  Solutions  of  phosphoric  acid  in  ptotic  solvents  vigorously 
evolve  carbon  dioxide  gas  upon  the  addition  of  ammonium  carbonate.  Aprotic  solvents 
essentially  provide  solutions  that  are  poor  proton  doners.  This  is  in  marked  contrast  with 
aprotic  solutions  of  the  same  anodizing  acid. 

All  anodizations  were  done  in  solutions  at  room  temperature,  between  298  and  302  K. 
Stirring  was  used  to  ensure  solution  and  temperature  uniformity  and  was  accomplished  by 
magnetic  stirring  rods.  Temperature  within  this  range  did  not  affect  results  to  any  measurable 
degree. 

Anodizing  solution  containers  were  either  stainless  steel,  where  the  container  was  the 
cathode,  or  a  glass  flask,  in  which  titanium  strips  provided  the  cathodic  pole.  The  steel 
container  was  fitted  with  a  glass  lid  to  facilitate  observations  during  anodizing.  Both  vessels 
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were  air  tight .  Solution  volumes  ringed  from  500  ml  to  several  liters  with  equivalent  results 
obtained. 


Anodizing  current  was  provided  by  a  power  supply  that  allowed  independent  control  of 
current  and  potential.  A  two  channel  chart  recorder  accurate  to  about  0.2%  of  full  scale  was 
used  to  follow  electrical  events  during  anodizing. 

Anodizing  experiments  began  under  constant  current,  usually  about  one  milliamp  per  sq  cm 
of  specimen  surface.  The  power  supply  was  set  such  that  anodizing  began  under  constant 
current  conditions  until  a  preset  maximum  voltage  was  reached.  The  voltage  was  then  held 
constant  for  the  remainder  of  the  anodization,  allowing  the  current  to  decay  to  a  minimum 
where  further  anodization  ceased.  Current  regulation  was  not  perfect 

Experimental  data  were  reduced  by  hand  and  stored  on  a  Macintosh  computer  which  also 
served  as  the  tool  for  analyzing  and  graphing  results. 


Results  and  Discussion 


Phenomenology 

Film  thickness  calculations  were  based  on  the  number  of  coulombs  passed  during 
anodization.  The  anodized  film  was  assumed  to  be  pure,  stoichiometric  Ti02  and  that  the 
process  was  100%  efficient  This  calculation  procedure  had  the  advantage  of  simplicity  but 
was  not  exact.  Auger  sputtering  time  indicated  that  the  actual  film  thicknesses  (on  the  order 
of  2000  •  3000  A)  agreed  with  calculated  thickness  to  only  within  about  ±25%.  Also, 
resistivity  measurements  showed  that  electronic  conduction  was  always  present  to  some 
degree.  These  shoo  circuits  reduce  film  formation  efficiency. 

Rim  stoichiometry  was  not  constant  as  shown  in  Table  I. 


Table  I. 

Surface  and  Sub  Surface  Film  Chemistries  by  Weight  Percent. 

Surface 

25  nm  Sub  surface 

element 

Ti 

O  C 

P  Ti  O  C 

P 

wt% 

10.9 

39.0  26.0 

24.1  30.3  57.1  3.8 

8.8 

Depth  profiling  showed  these  changes  were  gradual  for  Ti  and  O.  These  results  indicate  that 
the  film  boundaries  are  not  sharply  demarked.  Moreover,  carbon  and  phosphorus  were 
incorporated  to  some  depth.  Carbon  is  a  common  contamination  in  analyses  such  as  these. 
On  the  other  hand,  the  organic  solvent  is  an  available  source  of  carbon  and  since  phophorus 
behaves  similarly,  the  carbon  profile  could  well  be  real. 

Figure  1  illustrates  the  initial  stages  of  an  anodization  run.  Stage  One  is  designated  as  the 
region  where  the  voltage  rises  linearly  with  time  at  constant  current,  implying  the  existence  of 
a  constant  potential  gradient  across  the  film.  The  slight  decrease  in  the  current  during  this 
period  is  a  characteristic  of  the  power  supply  used.  Field  strengths  were  calculated  from  the 
applied  voltage  and  the  calculated  film  thickness.  The  voltage  drop  across  the  solution  was 
accounted  for  in  the  calculations  but  no  attempt  was  made  to  include  the  interface  voltage 
drops.  On  this  basis  field  strengths  were  typically  about  one  -  five  MV/cm. 
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Figure  1.  Initial  Anodization  Behavior  Observed  on  High  Purity  Titanium. 


The  resistance  of  the  film  increases  linearly  with  each  coulomb  passed.  V  increases  as 
necessary  to  maintain  the  preset  current  flow.  The  film  thickens  in  proportion  to  the 
coulombs  passed.  Upon  reaching  preset  voltcge,  the  current  typically  drops  precipitously. 
Figure  2  show  the  resistivity  time -derivative  increases  by  roughly  an  order  of  magnitude. 

In  region  one,  I  -  V/R  -  constant,  and  more  importuitly,  Et  *  IR,  where  E  is  the  field  across 
the  film  (V/cm),  t  is  the  thickness  of  the  film  (cm)  I  is  current  in  amperes  and  r  is  resistance  in 
ohms.  In  region  two,  V  ■  IR  «  constant;  Et  -  IR,  as  in  region  one. 
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Figure  2.  Transition  in  Him  Resistivity  Derivative  Between  Regions  1  and 
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As  one  might  expect,  there  comes  a  time  of  vanishing  returns.  This  is  region  3.  Beyond 
about  0.473  coulombs/cm2  in  the  example,  continued  anodizing  provides  no  further  gains  in 
film  formation  efficiency.  In  figure  3  the  ordinate  has  the  dimensions  of  megohms  per 
coulomb  per  unit  specimen  area.  It  is  useful  as  a  measure  of  anodization  efficiency  and 
typically  reaches  a  maximum  about  the  time  the  anodizing  current  bottoms  out.  Continued 
anodizing  eventually  causes  anodizing  current  to  increase.  At  that  point  film  perforation  has 
begun  in  earnest  and  the  film  forming  efficiency  parameter  begins  to  fall. 


Coul/sq  cm 

Figure  3.  Illustration  indicating  Regions  of  Titanium  Anodization. 

Hie  Mechanism 

Clearly  a  net  oxidation  requires  some  type  of  ionic  conduction  through  the  film.  The 
question  is:  which  ions  are  contributing  to  current  conduction  and  film  formation.  Mott  (1) 
and  Cabrera  and  Mott  (2)  developed  an  ion  transport  model  in  which  the  rate-limiting  step  for 
film  growth  is  the  emission  of  cations  from  the  substrate.  Schmidt  et  al  (3)  reported  that  ion 
size  is  an  important  factor  in  electrolytic  rectification,  which  anodizing  titanium  amounts  to. 
They  found  that  the  small  ions  Li+  and  Na+  are  more  effective  current  carriers  than  the  larger 
K+  and  Rb+  ions  having  the  same  charge.  Sato  and  Cohen  (4)  proposed  a  model  where  a 
layer  of  oxygen  absorbs  onto  the  film  and  exchanges  places  with  the  underlying  metal  atoms. 
Chao  et.  al.  (3)  reviewed  the  possible  transport  mechanisms  and  proposal  a  point  defect 
model  for  film  growth.  They  concluded  that  oxygen  anions  or  oxide  ion  vacancies  are 
essential  for  passive  film  growth. 

It  is  useful  therefore  to  review  the  force  parameters  observed  by  ions  on  either  side  of  the 
film.  This  is  done  in  Table  II. 

From  specific  force  and  geometric  considerations,  protons  are  the  preferred  charge  carriers 
but  their  numbers  in  the  substrate  are  insignificant  and  they  do  not  in  any  event  contribute  to 
film  formation.  Titanium  cations  see  much  higher  force  parameters  than  do  the  hydroxyl  or 
phosphate  anions.  At  this  stage  in  our  research  this  is  about  all  that  is  known.  If  titanium 
can  be  ionized  in  the  metal/film  interface,  then  cation  transport  should  have  a  lower  activation 
energy  than  does  anion  transport.  Anions,  of  course,  are  already  charged  and  ready  to  go. 
For  die  conditions  reported  here  there  is  no  apparent  way  to  deduce  unequivocally  whether 


Table  n.  Charge/Unit  Area  parameter*  influencing  the  possible  charge  carriers.  (7) 


Ion 

Charge 

Radii- A 

Area- A1 

Charge/Unit  Area 

H 

U 

1 

4 

proton 

0.68* 

proton 

1.5 

3x10® 

2.8 

U 

3 

0.77* 

1.9 

1.6 

•n 

2 

0.90* 

2.5 

0.79 

T1 

1 

0.96* 

2.9 

0.35 

PO4 

3 

4.0** 

50 

0.06 

OH 

1 

3.5** 

38 

0.03 

ion  transport  is  acting,  and  if  so,  which  one,  or  whether  charge  transfer  occurs  by  ion 
vacancy  migration  (6). 

Auger  analyses  demonstrate  that  phosphorus  is  incorporated  into  the  anodized  film.  While 
phosphorus  appears  to  be  concentrated  near  the  surface  on  the  solution  side  of  the  film,  that 
fact,  in  itself,  does  not  distinguish  among  the  transport  possibilities.  Further  work  is  needed 
on  the  transport  mechanism. 

If  anion  transport  is  controlling,  the  picture  implied  in  Table  II  is  grossly  simplistic.  See  the 
discussion  of  solution  chemistry,  below.  The  H3PO4  component  and  its  behavior  in  aptotic 
solvents  is  likely  to  be  complex  indeed  and  is  not  yet  well  understood. 

At  the  anode,  film  formation  consumes  phosphorus  containing  anions,  while  at  the  cathode, 
hydrogen  is  reduced  and  released.  Together,  these  two  events  consume  the  phosphoric  acid 
component  of  the  electrolyte. 

Two  types  of  conduction  are  present.  They  are  clearly  distinguished  by  the  manner  in  which 
current  depends  on  the  applied  voltage.  A  exponential  dependence  implies  conduction  by  ion 
or  ion  vacancy  diffusion  or  migration  whereas  a  linear  dependence  implies  ohmic  or 
electronic  conduction.  Both  types  were  present  in  results  reported  here.  An  example  appears 
in  Figure  4. 
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Figure  4.  Conduction  Regimes  by  mechanism. 
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In  this  example,  the  electronic  component  is  larger  than  that  typically  observed. 

Solution  Chemistry 

Most  compositions  of  anodizing  solutions  have  been  established  empirically.  Except  for  the 
necessity  to  accommodate  the  right  amount  of  85%  aqueous  orthophosphoric  acid  for 
adequate  ionic  conductivity,  the  choice  of  aprotic  solvents  seems  wide  open.  Toxicity, 
stability,  price  and  other  practical  criteria  infer  constraints  and  preferences. 

So  does  solution  chemistry.  Even  in  purely  aqueous  solutions,  phosphoric  acid  dissociates 
into  charge  carriers  other  than  simply  three  protons  and  a  [PO4J"'  anion.  At  pK  values  of 
2.12, 7.21  and  12.67  for  the  respective  dissociation  steps  of  orthophosphoric  acid,  the  actual 
concentration  of  [PO4]"'  is  much  smaller  than  that  of  [HPO4]"  let  alone  [HjPOa]'.  Nor  is 
orthophosphoric  acid  the  only  phosphorus-containing  oxy-acid  behind  the  label  "85% 
H3PO4".  Usually  there  is  a  percent  or  so  of  pyrophosphoric  acid  around,  which  at  pK  0.85 
and  1.49  for  the  first  and  second  dissociation  step,  is  distinctly  stronger  than 
orthophosphoric  acid. 

In  the  typical  anodizing  solutions  used  here,  which  are  combinations  of  aprotic  solvents  with 
a  minority  share  of  phosphoric  acid  and  3/17  thereof  of  water,  association,  including  that  to 
H4P2O7,  is  enhanced,  dissociation  is  subdued.  A  lower  dielectric  constant,  as  most  organic 
liquids  have  compared  to  water,  depresses  the  concentrations  of  the  multiply  charged  anions 
further.  Thus  ions  like  (H3P2O7]'  or  [H2P04]’  are  likely  to  outnumber  [PO4] —  by  several 
orders  of  magnitude,  at  least  per  unit  volume  of  solution.  The  phosphorus  contents  in  the 
anodic  titania  films  proves  that  phosphorus-containing  anions  participate  in  the  anodizing 
process,  but  which  ones  do  how  much  of  what? 
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Turning  attention  to  the  solution  cations:  In  aqueous  media,  proton  hopping  contributes 
substantially  to  the  overall  conductivity.  In  nominally  "anhydrous"  orthophosphoric  acid, 
which  contains  no  real  H3PO4  molecules  but  about  6%  real  H2O  and  6%  H4P2O7  (partly 
dissociated),  [H4PC>4]+  and  [fyPC^]'  ate  among  the  prevailing  charge  carriers.  Proton 
hopping  is  a  statistically  major  contributing  event  there  too.  Aminic  and  amidic  solvents,  like 
N-alkylpyrTolidones,  accommodate  protons  more  readily  than  less  basic  liquids,  e.g. 
propylene  carbonate,  can.  Yet  their  efficiencies  as  "proton  floes"  are  hardly  known. 

Conclusions 

High  purity  titanium  is  effectively  anodized  in  solutions  consisting  of  orthophosphoric  acid  in 
aprodc  solvents. 

Current  conduction  occurs  by  a  combination  of  ionic  and  electronic  transport 
References 

1  Mott,  N.  F.,  Trans.  Far.  Soc.,  vol.  43,  p  429,  1947. 

2  Cabrera,  N.  and  Mott  N.  F„  Rep.  Prog.  Phys.,  vol.  12,  p  163,  1948  -  1949. 

3  Schmidt,  P  F,  et.  al.,  R.  F.,  Phys.  Chem.  Solids,  vol.  15,  p  270,  1960. 

4  Sato.  N.  and  Cohen,  M„  J.  Elec.  Chem.  Soc.,  vol.  1 1 1,  p  512,  1964. 

5  Chao,  C.  Y„  et.  al.,  J.  Elec.  Chem.  Soc.,  vol.  126,  No  6,  p  1189,  1981. 

6  Macdonald,  D.  D.  et  al.,  J.  Elec.  Chem.  Soc.,  vol.  139,  No  1,  p  172,  1992. 

7  Lange's  Handbook  of  Chemistry,  13th  Edition,  Me  Graw-Hill,  1985. 


A  TI-5XN1  Alloy  Electrode  for  Production  of  Electrolytic  Manganese  Dioxide 


Kazuhiro  Taki,  Yasuhiro  Mitsuyoshi  and  Hideo  Sakuyaia 


Nippon  Mining  Co. .  Ltd 

3  kuraii,  Saaukasa-aachl,  Koza-gun,  Kanagasa,  Japan 


Abstract 


In  the  process  of  the  production  of  electrolytic  aanganese  dioxide(EMD). 
c.p.Ti  is  usually  used  as  anodes  due  to  its  excellent  corrosion  resistance. 
Hosever.  the  grosth  of  passive  flla  on  the  surface  of  c.p.Ti  during  the 
electrolysis  causes  rapid  Increase  in  bath  voltage,  and  forces  the  EMD 
electrolysis  to  be  aade  with  a  lot  current  density(5  to  10  aA/ca2). 
Developaent  of  advanced  aaterials  has  been  desired  for  EMD  anodes  to 
suppress  the  grosth  of  passive  fila  and  to  aake  the  electrolysis  with  a  high 
current  density. 

Ti-SXNi  alloy  has  recently  been  developed  as  a  net  EMD  anode  aaterial. 
It  is  shorn  that  the  electrolysis  sith  Ti - 5 *N i  allots  such  higher  current 
density  than  that  sith  c.p.Ti.  Anodic  polarization  behaviors  of  c.p.Ti  and 
of  Ti2Ni  coapound  are  investigated  and  discussions  are  aade  on  the  aechanisa 
of  the  iaproveaent  in  the  anodic  characteristics  of  Ti-SXNi  alloy. 


Introduction 


Electrolytic  aanganese  dioxide(EMD)  as  an  active  aaterial  of  batteries 
is  produced  by  electrolysis  of  a  MnS04+B2S04  solution.  As  anodes  in  the 
electrolysis,  carbon  or  c.p.Ti  have  been  used.  The  corrosion  resistance 
and  the  aechanical  strength  of  carbon  anodes  are  not  high  enough,  so  that 
the  consuaption  rate  during  use  Is  very  high.  This  requires  frequent  ad- 
justaent  of  gaps  betseen  anodes  and  cathodes  and  causes  contaalnat ion  of 
product  by  carbon,  Becently,  c.p.Ti  has  been  used  as  anodes  since  it  has 
higher  corrosion  resistance  and  higher  strength.  The  use  of  c.p.Ti  anodes 
gives  aaintenance-free  operation  and  good  product  quality.  The  biggest 
problea  of  c.p.Ti  anode  is  the  grosth  of  passive  fila.  Noraal  passive 
fila  of  tltaniua  Is  thin  enough  for  electric  current  to  flot  through, 
hosever,  shen  soae  voltage  is  applied  to  titaniua,  the  fila  thickness  In- 
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creases  with  the  voltage.  It  results  in  reduction  of  the  anode  conduc¬ 
tivity.  In  the  process  of  EMD  production.  talvanostattc  electrolysis  Is 
generally  eade.  Therefore,  once  the  anode  conductivity  decreases  due  to  in¬ 
crease  in  the  passive  file  thickness,  bath  voltage  lust  be  increased  in  or¬ 
der  to  eaintain  the  current  density  at  a  fixed  level.  This  causes  the 
grosth  of  file  thickness  lore  and  takes  the  electrolysis  be  stopped 
finally.  For  this  reason,  current  density  is  kept  at  a  lot  level,  ranging 
froa  5  to  10  aA/ cm2. 

Increase  in  the  current  density  in  EMD  process  provides  t«o  advan¬ 
tages,  i.e.,  high  productivity  and  possibility  of  finding  a  ne*  type  of 
EMD.  It  is  expected  that  a  unique  EMD  is  produced  by  changing  composi¬ 
tions  of  electrolysis  solution  and/or  current  density. 

In  the  past,  sole  atteipts  sere  aade  to  obtain  high  current  density  by 
using  an  iaproved  anode  aaterlal.  One  of  thea  vas  to  use  pla t i nua-coated 
t i t  an i ua  [  1  ] .  This  anode  enables  us  to  get  high  current  density,  but  the 
coated  platinum  vas  peeled  off  during  the  collecting  procedure  of  EMD 
foraed  on  the  anode  surface.  A  Ti-Mn  alloy  vas  also  tested[2],  Hovever, 
this  alloy  also  could  not  replace  c.  p. Ti  due  to  its  high  production  cost. 

Nippon  Mining  has  successfully  developed  a  nev  titaniua  alloy.  Ti- 
5  XN  i .  vhich  provides  high  current  density,  good  durability  and  reasonable 
price  for  EMD  anodes.  This  paper  reports  the  anodic  characteristics  of 
Ti -5XN i  and  the  results  of  investigation  on  the  aechanisa  of  iaproveaent  in 
the  anodic  characteristics  of  Ti-5XNi  coapared  vith  c.p.Ti. 


Experiaental 


Ti -5XN i  Ingots  vere  prepared  by  double  arc  vacuua  aelting.  A  typical 
cheaical  coaposition  is  shovn  in  Table  1.  These  ingots  vere  heated  to 
1200  K  and  hot-rolled  to  4  aa  thick  plates.  These  plates  vere  heated  again 
to  950  K  for  annealing,  cold-rolled  to  1  or  2  aa  thick  plates,  and 
finally,  annealed  at  950  K  in  vacuum.  Anode  specimens  vere  cut  froa  these 
plates  and  subsequently  polished  or  treated  by  sandblasting. 

It  has  been  found  that  H2S04  + 

MnS04  electrolyte  is  not  suitable 
to  examine  anodic  polarization 
behavior  of  T i -5XN i  because 
Mn02  deposited  on  anode  surfaces 
during  electrolysis  greatly 
influences  anodic  characteristics. 

Sulfuric  acid  solution  vas  then 
used  to  study  anodic  polarization 
behavior  of  T i - 5 XN i . 

Polished  c.p.Ti  and  T i -5XN i  anodes  vere  investigated  in  a  0.35  aol/1  sul¬ 
furic  acid  solution  at  an  ambient  temperature  using  platinum  as  a  cathode 
to  measure  change  in  bath  voltage  vith  time  under  ga 1 va nos t a t i c 
electrolysis.  In  this  electrolysis,  anodes  evolved  oxygen  gas  and  cathodes 
evolved  hydrogen  gas. 

To  study  anodic  characteristics  in  EMD  production,  c.p.Ti  and  T i -5XN i 
anodes  treated  by  sandblasting  vere  investigated  in  0.35  aol/1  H2S04  + 
0.55  mol/'l  MnS04  solution  at  95  "C  using  carbon  cathode  to  measure  change 
in  bath  voltage  vith  time  under  ga 1 va nos t a t i c  electrolysis.  The 
sandblasting  vas  aade  to  prevent  deposited  Mn02  from  peeling  off  the  sur¬ 
face  of  specimens.  Schematic  illustration  of  the  electrolysis  apparatus 
i s  shovn  in  Fig.  1 . 


Tablel  Cheaical  Coaposition 


H 

0 

Ni 

Ti 

C.  P.  Ti 

0.  0023 

0.  116 

- 

ba  1 . 

Ti -5XN  i 

0.  0013 

0.  141 

5.  14 

ba  1 . 

im 


Fig.  1  Schematic  Diagram  of  electrolysis  apparatus 


Results 


1.  Electrolysis  In  the  sulfuric  acid  solution 

Change  in  bath  voltage  with  tlae  under  galvanostatlc  electrolysis  at 
current  density  of  1  iA/c»2,  10  aA/ca2  or  20  *A/ca2  is  shosn  in  Pig.  2.  It 
is  shosn  that  the  bath  voltage  for  c.p.Ti  increases  beyond  5  v  si  thin  20 
seconds  at  the  current  density  of  1  *A/ca2.  Whereas,  Ti-hSNl  anode  keeps 
the  bath  voltage  at  2. 1  v  or  2.  5  -  2.  7  v  in  the  electrolysis  at  1  aA/ca2  or 
10  aA/ca2,  respectively.  When  the  electrolysis  is  aade  at  20  aA/ca2,  the 
bath  voltage  begins  to  take  off  after  three  ainutes.  indicating  the  start 
of  passive  fila  grosth.  In  fact,  after  the  electrolysis  sith  c.p.Ti  at  1 
bA/cb2  and  sith  Ti-SXNi  at  20  aA/ca2,  the  surfaces  of  anodes  sere  dis¬ 
colored. 

Froa  these  experlaental  results  it  is  indicated  that  Ti-5XNi  is  aore 
excellent  as  EMD  anodes  coapared  sith  c.p.Ti. 


2  Electrolysis  in  H2S04  +  Mn$04  solution 


Figure  3  shots  the  change  in  bath  voltage  with  tiie  in  EMD  electrolysis 
using  c  p. Ti  anodes.  It  is  found  that,  on  each  bath  voltage/tlae  curve,  an 
incubation  period  until  increase  in  the  bath  voltage  exists  and  that  higher 
is  the  current  density  shorter 
is  the  incubation  period.  g 

(Then  the  electrolysis  tas 
aade  at  a  current  density  of 
16  aA/ca2,  the  incubation  5 

period  was  so  short  that  it  is 
not  detected  experiaental ly. 

Figure  4  shots  test  results  ^  4 
with  Ti-5XNf  anodes.  It  is  ^ 
found  that  the  incubation 
period  for  Ti-SXNi  is  auch  m  3 
longer  than  at  of  c.p.  Ti  at 
the  saae  current  density.  o 
indicating  that  the  growth  of  2 
passive  fila  on  Ti-5\N1  is 
auch  harder  than  that  on 
c.  p.  Ti.  Accordingly,  i  t  is  1 

suggested  that  Ti-JXNi 
anodes  allow  higher  current 
density  in  EMD  production.  0 

0  L  4  b  1 

Time  (min) 

Fig.  2  Change  in  Bath  Voltage  with  Time  in 
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Fig.  3  Change  in  lath  Voltage  with  Tiie  in  EMI) 
Electrolysis  Using  C.  P.  Ti  Anodes 


Galvanostatic  Electrolysis 
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Fig.  4  Change  in  Bath  Voltage  with  Time  in  EMD 
Electrolysis  Using  Ti-5*Ni  Anodes 


Discussion 


Interaetal  1  ic  T i 2 N i  precipitates  at  teiperatures  beloi  £  transus  in 
titaniua  aatrix  of  titaniua-based  Ti-Nl  binary  alloys.  Figure  5  shots  a 
SEM  iaage  of  etched  Ti-5tKi.  Fine  particles  of  Ti2Ni  are  observed  in 
titaniua  aatrix.  in  order  to  investigate  the  effect  of  TI2NI  precipitation 
on  the  anode  characteristics  of  Ti-SSKi,  the  nature  of  interaetal 1 ic  Ti 2N i 
tas  exaained  electrocheaical ly.  T i 2N i  ingots  aere  prepared  by  double  arc 
vacuua  aelting  and  tere  hoaogenized  at  1050  I  for  72  hours.  Since  the 
hoaogenized  ingots  are  too  brittle  to  be  forked  plastically,  they  vere 
sliced  directly  into  anodes.  Microstructure  of  the  speciaens  is  shown  in 
Fig.  6.  A  saall  aaount  of  a-Tl  is  observed  in  T12Ni  aatrix  as  shown  in 
the  photograph.  Due  to  the  fluctuation  of  nickel  concentration  in  an  in¬ 
got.  it  was  iapossible  to  prepare  hoaogeneous  T i 2 N i  speciaens  even  after 
the  hoaogenization.  Then,  the  exaaination  was  aade  with  speciaens  con¬ 
taining  the  least  aaount  of  a-Ti  in  their  aicrostructure. 

Potent  iodynaaic  polarization  curves  of  c.p.Ti  and  T  i  2Ni  (containing  a 
saall  aaount  of  a-Ti)  are  shown  in  Fig.  7.  The  anodic  polarization  curve 
of  c.p.Ti  exhibited  no  current  increase,  while  the  anodic  polarization 
curve  of  T i 2 N I  exhibited  rapid  current  increase  at  around  1.5  V  (vs. 
Ag/AgCl).  This  current  increase  was  confiraed  to  be  due  not  to  corrosion  of 
T i 2 N i  but  to  the  evolution  of  oxygen  gas.  It  is  suggested  froa  these 
results  that  passive  filas  grow  on  c.p.Ti  by  anodic  polarization  and  reduce 
of  its  conductivity  very  steeply,  but  that  the  growth  of  passive  fila  does 
not  take  place  on  Ti 2N i  in  the  tested  range  of  anodic  polarization. 

It  is  estiaated  that,  in  Ti-5XNi,  the  anodic  current  is  shared  by  both 
a-Ti  and  Ti2Ni.  At  high  current  density,  such  electric  current  flows 
through  Ti2Ni  in  order  to  coapensate  for  the  decrease  in  electric  current 
through  a-Ti.  This  aechanisa  aay  be  the  reason  why  Ti-5XNi  anode  can 
keep  its  excellent  anode  characteristics  in  EMD  production  with  higher  cur¬ 
rent  densities. 


Fig.  5 

SEM  inage  of  etched  Ti-5XNi 
White  particles  of  T^Ni  are 
observed  in  a-Ti  natrix 


Fig.  6 

licrostructure  of  tested  Ti^Ni 
a  -Ti  particles  aere  etched  with  a  HF 
solution  and  shoved  black  in  Ti2Ni 
aatrix 
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Fig.7  Anodic  Polarization  Curves  of  C.  P.  Ti  and 
T^Ni  in  Sulfuric  Acid  Solution 


Summary  and  conclusions 


In  the  present  study  it  has  been  aade  clear  that  Interaetal  1  ic  T i 2 N i 
bears  high  anodic  current  density  due  to  its  high  corrosion  resistance  and 
no  occurrence  of  the  troith  of  passive  fills  but  that  TI2NI  Itself  is  too 
brittle  to  be  used  as  EMD  anodes  practically.  As  laterial  for  EMD  anodes. 
Nippon  Mining  has  developed  Ti-5*Ni  with  good  workability,  having  fine  dis¬ 
persion  of  T i 2 N i  particles  in  titaniui  latris.  The  foregoing  studies 
demonstrated  that,  in  EMD  production  using  Ti-5*Ni  anodes,  the  bath  voltage 
did  not  tend  to  increase  even  when  the  electrolysis  was  aade  with  high 
current  densities.  Currently,  soae  trials  have  been  aade  to  use  T i - 5%N i 
anodes  in  soie  EMD  plants,  and  industrial  confirmation  is  going  to  be  made 
for  advantages  of  using  Ti -5*Ni  anodes. 
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DEVELOPMENT  OF  ENDOSSEOUS  IMPLANTS  ON  THE  BASE  OF  TITANIUM  ALLOYS 
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Abstract 

For  long  term  Implants  a  safe  anchorage  due  to  a  bone  Ingrowth  and  a 
functionality  of  the  Implant  as  similar  as  possible  to  the  natural 
functionality  are  required.  Two  types  of  endosseous  Implants  on  the  basis 
of  a  TITaSO  alloy  with  a  different  surface  structure  were  developed  which 
both  allow  an  Ingrowth  of  the  bone.  In  addition,  both  surface  structures 
provide  a  stiffness  of  the  implant  similar  to  that  of  the  bone. 
Subsequently,  the  Implants  behave  Isoelastic  to  the  bone  whereby,  due  to 
the  load  transfer,  a  new  bone  formation  can  be  stimulated.  The  Implants 
have  been  tested  concerning  their  mechanical  functionality  and  In  animal 
experiments. 


For  long  time  Implants  beside  the  use  of  blocompatlble  materials  a  safe 
anchorage  due  to  the  bone  Ingrowth  and  a  functionality  as  similar  as 
possible  to  the  natural  functionality  are  required.  There  Is  a  common 
consense,  that  Titanium  and  Its  alloys  are  the  metallic  blomaterlals  of 
preference  (1,2).  The  anchorage  of  Implants  can  be  Improved  by  an 
enlargement  of  the  surface.  This  enlargement  can  be  achieved  by  different 
methods,  e.g.  by  the  production  of  a  porous  surface.  A  frequently  used 
method  Is  the  plasma  spraying  of  Titanium  powder  on  the  surface  of  Implants 
having  the  disadvantage  that  powder  particles  are  often  detached  (3,4). 
Another  type  of  Implant  with  a  porous  surface  Is  produced  by  the  powder 
metallurgical  route.  It  was  shown  that  a  porosity  of  50  -  100  pm  allows  a 
bone  Ingrowth  and  a  stable  fixation  (5). 

For  the  functionality  of  Implants  their  stiffness  described  by  the  geometry 
and  Young's  Modulus  Is  responsible.  Concerning  the  stiffness  of  dental 
Implants  there  exist  divergent  opinions. 

Different  theoretical  calculations  by  the  finite  element  method  claim 
dental  Implants  with  an  extremely  high  stiffness  (Young’s  Modulus  as  high 
as  possible)  In  order  to  avoid  tension  tips  which  can  originate  a  bone 
resorption  (6,7).  In  contrast  to  these  calculations  It  was  shown  In  animal 
experiments,  that  with  Implants  with  a  low  Young’s  Modulus  and  a  high  load 
transfer  the  bone  resorption  was  avoided  and  a  new  bone  formation  was 
observed  (8).  Therefore,  for  the  functionality  of  Implants  the  load 
transfer  to  the  bone  via  the  Implant  Is  necessary.  Such  a  load  transfer 
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provides  the  equilibrium  between  the  reduction  and  the  formation  of  cells 

(8) .  A  dynamic  loading  with  a  frequency  of  1-10  Hz  and  15  -  30  Hz, 
respectively,  showed  a  favourable  stimulating  Influence  on  the  bone  growth 

(9) . 

It  was  the  aim  of  this  Investigation  to  develop  dental  implants  with  an 
extremely  low  stiffness  which  have  an  isoelastic  behaviour  to  the  bone  and 
which  provide  a  high  load  transfer. 

Hater  1a1$,_Pro0u<;ti9ng_Htthofls 

Two  types  of  implants  were  developed  which  both  allow  an  Ingrowth  of  the 
bone  and  investlgatea.  For  both  types  an  (a*3)-alloy  containing  30  wtx 
Tantalum  was  chosen  as  base  material.  On  the  one  hand,  Tantalum  shows  a 
blocompatlble  behaviour  similar  to  Titanium.  On  the  other  hand,  the.  alloy 
T1Ta30  has  a  high  content  of  the  3-phase  which  provides,  as  shown  In 
Table  I,  a  Young’s  Modulus  about  20  X  lower  than  commercially  pure 
Titanium.  An  additional  decrease  of  Young's  Modulus  towards  the  modulus  of 
the  bone  can  be  achieved  by  a  martensitic  transformation  of  the  alloy 
(Table  I).  Fig.  1  shows  the  martensitic  microstructure  of  the  alloy  T1Ta30. 

Table  I  Young’s  Modulus  (N/mm^  )  of  T1Ta30  compared  with 
cp-TI  and  cart  leal  Is  bone 


T 1Ta30 

T1Ta30 

cp-TI 

cartlcalls 

(a+3  Istructure 

martenslclc 

bone 

structure 

80000 

60000 

105000 

20000 

Figure  1  -  Microstructure  of  TlTa30,  martensitic  after 
water  quenching  from  780  'C. 


In  comparison,  tf»  cortical  Is  Done  Is  reported  to  have  a  Young’s  Modulus  of 
about  20000  N/mm  .  In  order  to  provide  a  lower  stiffness  of  the  Implant 
similar  to  that  of  the  bone  an  Implant  was  produced  with  a  porous  surface 
on  a  core  of  bulk  material.  The  porosity  which  allows  a  bone  Ingrowth  and 
therefore  a  safe  fixation,  was  realized  by  sintering  powder  of  the  alloy 
T1Ta30  on  the  bulk  material.  The  powder  was  produced  by  the  HOH-process. 
Hydrogen izat Ion  was  performed  at  650  'C  for  3-5  hours  under  a  pressure  of 
1.5  bar.  After  milling  the  powder  was  dehydrogenized  for  4-6  hours  at 
600  'C  under  vacuum.  By  the  variation  of  the  sintering  parameters,  the  cold 
compressing  pressure  (500  -  1500  N/mm'  )  and  the  sintering  time  (4  -  24  h), 
an  optimization  of  the  Implants  concerning  their  porosity,  their  strength 
porperties  and  their  elasticity  was  arranged.  An  other  implant  type  which 
was  developed,  allows  due  to  Its  special  surface  structure  also  an 
osseo Integration  as  well  as  a  safe  fixation.  The  surface  consists  of 
Titanium  wire  loops.  Fig.  2  shows  the  design  of  this  implant.  A  wire  spiral 
of  cp-TI  (300  urn  diameter)  was  diffusion  bonded  with  a  pressure  force  of 
5  N  at  1050  'C  to  the  surface  of  the  bulk  core  consisting  of  TITa.  The 
loops  had  a  diameter  of  300  urn. 


Investigation  Methods 


The  Influence  of  the  sintering  parameters  on  the  mechanical  properties  of 
the  porous  sintered  implants  were  investigated  In  compression  tests.  For 
the  Investigation  of  the  bond  strength  of  the  core  to  the  porous  slrtered 
surface  layerand  the  spiral  loops,  respectively,  implants  were  embedded  In 
a  two  component  plastic  adhesive.  The  core  of  the  samples  was  expulsed  In  a 
compression  test  whereby  the  pressurizing  force  necessary  for  pushing  out 
the  implant  core  was  measured.  The  measuring  technique  of  these  tests  is 
schematically  depicted  In  Fig.  3. 

The  functionality  of  the  Implants  was  Investigated  after  embedding  the 
implants  In  a  two  component  plastic  model  which  had  the  Resign  of  a  jaw  and 
a  Young’s  Modulus  similar  to  the  bone  (20000  N/mm  ).  The  value  of 


Figure  2  -  Loop  Implant  design, 
core  bulk  T1Ta30, 
loops  cp-TI. 


F 


Figure  3  -  Measuring  technique  for  the 
bonding  strength.  1  =  punch, 
2  =  Implant,  3  =  embedding 
material,  4  =  steel  plate. 


20000  N/mm1  was  achieved  by  mixing  S10z -powder  to  the  plastic. 

In  an  universal  testing  machine  the  implants  were  loaded  by  pressure 
simulating  the  chewing  process  of  a  molar.  The  elastic  deformation  was 


measured  by  strain  gauges  and  compared  with  the  rasults  of  Implants  of 
AlaOs  and  of  cp-TI  as  wall  as  with  tha  alastlclty  of  tha  bona.  With  tha 
Implants  with  surfaca  loops  animal  axparlmants  wara  performed.  Aftar  an 
Implantation  to  tha  jaw  of  dogs  and  an  axposura  tlma  batwaan  2  and  5  months 
a  parlod  during  which  the  Implants  wara  kept  unloaded,  histological 
specimen  wara  prepared  using  a  special  cutting  and  grinding  system  for 
macro-  and  microwork  with  a  diamond  blade  and  a  cooling  unit.  The  thickness 
of  tha  cuts  Is  batwaan  60  and  ICO  pm.  A  subsequent  grinding  to  a  thickness 
of  5  to  10  pm  Is  possible  (11). 

Rasults  and  Discussion 


Mechanical  Properties 


From  the  different  sintering  parameters  the  pressure  for  the  cold 
compressing  has  an  Important  Influence  on  the  porosity  and  tha  mechanical 
properties  (Fig.  4).  With  decreasing  compressing  pressure  the  porosity 
Increases  and  Young’s  Modulus  Is  diminished.  For  tha  given  example  with  a 
sintering  time  of  16  h  at  a  sintering  temperature  of  1100  'C  a  Modulus  of 
20000  N/mm2  similar  to  that  of  the  bone  can  be  achieved  with  a  pressure 
between  400  and  600  N/mm2.  Fig.  S  shows  the  Influence  of  the  compressing 
pressure  and  of  the  sintering  time  on  the  bonding  strength  of  tha  porous 
layer  to  the  core  of  the  bulk  material.  With  Increasing  pressure  and 
sintering  time  the  bonding  strength  Increases.  For  a  specimen  which  e.g. 
was  sintered  after  compressing  with  600  N/mm  for  8  hours  at  1100  'C  the 
bonding  strength  amounts  to  64  N/mm  .  This  corresponds  to  a  force  of 
3200  N/mm  which  Is  necessary  for  the  debonding.  For  the  debonding  of  the 
loops  diffusion  welded  to  the  core  of  the  Implant  a  force  of  4700  N  was 
measured.  Both  forces  are  much  higher  than  tha  reported  highest 
physiological  force  of  chewing  (12,13). 

The  stiffness  of  both  types  of  Implants  was  detc  .ml  ned  and  compared  with 
the  stiffness  of  Implants  of  AIjOj  and  of  cp-TI  (Fig.  6).  While  tha  Ala03 
Implant  behaves  extremely  stiff  because  of  Its  high  Young’s  Modulus,  the 
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Figure  4  -  Influence  of  cold  compressing  pressure  on  the  porosity 
and  on  Young's  Modulus  of  porous  sintered  Implants. 


2,760 


cold  compraulng  preiiure  (N/mm'2) 


Figure  5  -  Influence  of  the  cold  compressing  pressure  and  of  the 

sintering  time  on  the  bonding  strength  of  porous  sintered 
surface  layers  of  T1Ta30  to  an  implant  core  of  T1Ta30. 

Implant  with  the  loops  4s  the  closest  In  Its  elasticity  to  the  bone 
followed  by  the  Implant  with  the  porous  sintered  surface.  The  Implant  with 
a  porous  sintered  surface  of  T1Ta30-powder  (Young’s  Modulus  of  the  porous 
layer  s  35000  N/mm  )  shows  a  higher  elasticity  than  that  of  cp-TI. 
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Figure  6  -  Stiffness  of  different  Implants  compared  with  the  bone. 
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Figure  7  -  Histological  slice  of  a  loop  implant  after  an  exposure 
time  (unloaded)  of  3  months  In  a  jaw  of  a  dog. 


An Ima l_Exper iments 

Fig.  7  shows  a  histological  slice  of  an  implant  with  loops  after  an 
unloaded  exposure  time  of  3  months.  The  bone  Is  grown  Into  all  loops  and  In 
close  contact  to  the  surface  of  the  core  material.  An  Investigation  of  an 
implant  (exposure  time  5  months)  with  the  scanning  electronmicroscopy 
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Figure  9  -  Llnescan  of  different  elements  on  the  slice  of  Fig.  9. 

1  =  T1;  2  s  Ca;  3  =  P. 

(Fig.  8)  demonstrates  that  the  bone  enters  totally  even  small  cavities  or 
holes  of  about  25  pm  on  the  surface  of  the  loops.  This  surface  roughness  Is 
originated  by  the  wire  production.  A  llnescan  of  Ca,  P  (both  constituents 
of  the  bone)  and  of  T1  (Fig.  10)  gives  no  exact  Information,  whether  a 
diffusion  zone  between  the  metal  and  the  bone  Is  existing. 
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Abstract 

Several  casting  machines  for  casting  titanium  in  dentistry 
using  squeeze  or  centrifugal  casting  are  commercially 
available,  but  most  of  the  castings  show  an  a-case  with  an 
increase  of  hardness  in  the  surface  area  to  more  than  900  VHN 
0.025.  This  hardness  increase  results  from  the  reaction  of  the 
melt  with  ceramic  crucibles,  ceramic  moulds  or  oxygen  in  the 
sourrounding  area.  Therefore  an  improved  casting  method  was 
developed.  In  contrast  to  the  usual  centrifugal  casting,  where 
the  rotation  of  the  mould  is  started  after  pouring  the  liquid 
metal,  this  method  pours  the  metal  into  a  rotating  mould.  To 
avoid  oxygen  pick-up  this  casting  machine  is  evacuable,  using 
an  argon-arc-system,  and  all  parts  that  are  in  contact  with 
liquid  titanium,  except  the  mould,  are  fabricated  out  of 
copper.  The  moulds  consist  of  zircon-based  frontlayers 
completed  by  usual  phosphate-bonded  dental  investments 
providing  the  needed  thermal  expansion.  Dental  crowns  cast  by 
this  method  exhibited  a  sufficient  fitting,  less  hardness 
increase,  low  a-case,  a  smoother  surface  and  better 
microstructure  as  compared  to  the  usual  techniques. 


Introduction 

Commercially  pure  titanium  and  titanium  alloys  are  the  most 
corrosion  resistant  biocompatible  materials  used  for 
implantation  into  the  human  body  [1,2].  In  recent  years 
titanium  has  become  an  important  material  for  dentistry  too. 
Commercial  casting  systems  for  the  production  of  castings  for 
dental  applications  are  frequently  not  satisfactory  due  to 
surface  impurities,  a-case,  hardness  increase,  shrinkage  ca¬ 
vities  and  pores.  The  increase  in  hardness  in  the  surface  area 
combined  with  a  microstructural  change  is  called  "a-case" 
because  the  increase  of  oxygen  in  this  area  stabilizes  the  a- 
phase  of  titanium  [3].  This  is  the  result  of  an  oxygen-pick-up 
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during  the  melting  and  solidifying  process  of  the  titanium 
metal.  If  the  level  of  the  oxygen  content  is  higher  than  0.5 
wt.%  the  hardness  increases  to  above  300  VHN  compared  to  150 
VHN  of  titanium  containing  0.1  wt.%  oxygen  [4].  From  the  dental 
point  of  view  a-case  means  the  weakening  of  prothetic  frame 
work  due  to  crack  growth.  An  a-case  surface  cannot  be  highly 
polished,  therefore  leading  to  plaque  accumulation.  Veneers  on 
a-case  will  not  exhibit  the  needed  compound  strength  as  well  as 
for  acrylic  or  ceramic  veneers.  These  imperfections  have  to  be 
minimized  for  the  dental  application  of  titanium.  Because  of 
this  the  pick-up  of  oxygen  was  investigated  on  titanium 
castings  produced  with  different  mould  materials  by 
metallographic  inspection  and  VHN  0.025  micro-hardness 
measurements. 


Methods  for  minimising  oxygen  p1cK-up  in  titanium  castings 

To  minimize  the  oxygen  pick-up  in  titanium  castings  during  the 
melting  of  the  titanium,  the  argon  used  for  the  melting 
procedure  was  more  than  99.99%  Ar.  In  the  casting  machine 
described  in  a  former  paper  [5,6]  the  metal  is  molten  in  a 
copper  crucible  for  casting  hip  prostheses  a  copper  mould  could 
be  used.  Each  individual  dental  casting  requires  an  investment 
supplying  the  thermal  shrinkage  in  the  mould.  Usual  phosphate- 
bonded  silicon  dioxide  investments  provide  the  needed  volume 
expansion  by  the  crystobalite  transition.  Unfortunately  these 
investments  react  with  molten  titanium.  As  a  result  a 
frontlayer  based  on  zircon  was  provided  to  minimize  the 
reaction.  It  was  shown  that  an  increase  of  the  number  of  layers 
of  zircon  from  3  to  5  layers  decreases  the  a-case  measured  at 
a  thickness  of  1  mm  of  the  casting  from  about  70  to  40  /im. 
Because  the  titanium  before  casting  was  molten  by  an  inductive 
method  in  a  ceramic  crucible,  the  melt  increased  its  oxygen 
content  from  0.3  wt.%  to  0.4  wt.t  oxygen  at  a  casting 
temperature  of  1760  °C  [7].  This  oxygen  pick-up  could  be 
avoided  by  a  copper  crucible  melting  titanium  by  a  tungsten 
electrode.  To  improve  the  isolation  of  the  mould  against  the 
investment,  up  to  nine  layers  of  zircon  were  provided  on  the 
ceramic  front. 


prep«r*tl<?n 

Figure  1  shows  the  wax  model  including  the  bus  system,  the 
zircon  coated  modellation,  and  the  casting  of  a  first  molar  of 
the  lower  jaw.  The  wax  model  was  dipped  into  a  suspension  of 
zirconium  dioxide  and  zirconium-acidester .  Zirconium  dioxide  of 
greater  grain  size  was  placed  over  the  wet  model.  This 
procedure  was  repeated  several  times  depending  on  the  number  of 
front  layers.  Drying  of  the  zirconium  ceramic  frontlayer  lasted 
10  hours  at  ambient  temperature.  This  compound  was  embedded  in 
a  usual  manner  into  a  dental  moulding  system  of  a  phosphate- 
bonded  silica  material,  After  annealing  this  investment  t>  the 
producers  requirements,  the  mould  was  ready  for  casting. 

To  compare  the  zircon  ltyer  with  a  commercial  alumina  silicate 
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investment  provided  for  dental  titanium  castings  (Titanvest1”, 
OHARA)  some  identical  crowns  were  cast  using  this  technique. 


casting  process; 

Figure  2  shows  the  scheme  of  the  inaugurated  horizontal  ro¬ 
tating  casting  machine  working  with  an  argon-arc  system  of  >200 
A,  a  copper  crucible  and  a  bent  copper  inlet  (fig.  3)  for  the 
flow  of  the  melt.  The  copper  crucible  can  be  used  both  with  and 
without  water  cooling  depending  on  the  melting  time  and  on  the 
weight  of  the  titanium.  After  evacuating  three  times  and  argon 
filling  of  the  melting  chamber  under  an  argon  pressure  of  40 
kPa,  the  rotation  and  the  ignition  of  the  argon-arc-system 
started.  By  turning  of  the  copper  crucible,  the  liquid  titanium 
was  filled  into  the  rotating  casting  system.  The  rotat. ng  speed 
pushes  the  liquid  metal  into  the  ceramic  mould,  fixed  directly 
to  the  copper  inlet.  The  influence  on  the  form  filling  depends 
on  rotating  speed.  A  speed  of  1100  rpm  leads  to  an  optimum 
casting. 


Results; 

Figure  4  presents  one  of  the  castings  of  a  crown  for  the  first 
molar  of  the  lower  jaw.  The  crown  is  cut  in  oro-lingual 
direction  and  fitted  on  a  Frasaco™  abutment  used  for 
preparation  and  modelling.  As  can  be  seen,  the  overall 
congruence  of  crown  and  prepared  abutment  is  more  than 
sufficient  (<20  pm).  Problems  arise  with  shrinkage  cavities  and 
pores,  which  can  be  polished  out  or  concealed  by  veneer 
material  according  to  the  faces  where  they  appear.  If  they  are 
located  approximately,  simply  accomplished  by  x-raying  the 
prosthetic  frame  work,  stability  may  cease.  In  that  case  the 
prosthetic  work  should  be  repeated.  The  problem  of  sink  or  blow 
cavities  is  general  for  dental  castings,  because  of  the 
complicated  geometries  of  dental  work  and  not  particular  to 
titanium.  However,  titanium  as  a  material  is  easily  checked  due 
to  its  x-ray  transparancy .  To  avoid  shrinkage  cavities  and 
pores  the  bus  system  as  shown  in  figure  1  is  used.  Most  of  the 
shrinkage  cavities  and  pores  assemble  in  the  tip  of  the  riser. 
The  relation  between  casting  and  riser  system  is  about  1:15. 
Figure  5  shows  the  microstructure  of  a  casting  with  a  nine 
layered  front  based  on  a  zircon  compound.  No  surface  treatment 
was  used.  The  observed  a-case  is  less  than  10  pm.  A  significant 
improvement  as  compared  to  100  -  300  pm  of  commercial  castings 
(0,9). 

The  influence  of  the  mould  material  on  the  microhardness  is 
demonstrated  in  fig.  6.  The  hardness  measurement  of  the  cast 
samples  was  done  without  any  etching  or  sandblasting  of  the 
surface.  The  highest  microhardness  of  1030  VHN  0.025  and 
therefore  the  highest  oxygen  concentration  in  the  surface  area 
was  measured  for  the  commercial  alumina  silicate  investment 
castings.  A  single  layer  of  zircon  lowers  the  hardness  values 


at  the  surface  to  about  600  VHN  0.025  and  a  ninelayer  compound 
of  the  sane  material  minimizes  it  to  300  VHN  0.025. 
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When  titanium,  which  is  molten  in  a  copper  crucible  by  an 
argon-arc,  is  cast  in  a  rotating  mould  via  a  bent  copper  inlet, 
this  leads  to  minimization  of  oxygen  pick-up  and  therefore  a 
reduction  of  a-case  if  the  mould  material  consists  of  a 
multilayered  zircon  front.  Using  dental  investments  to  complete 
the  mould  controls  the  needed  thermal  expansion.  The  advantages 
of  a-case  free  or  reduced  surfaces  of  dental  skeletons  are 
failure  and  plaque  resistance  combined  with  good  fitting  and 
high  polishing  and  veneering  facilities. 
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Fig.l:  Wax  model,  zircon  frontlayer  and  casting 
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Fig. 2:  The  horizontally  rotating 

casting  system 


Fig.  3 


Copper  inlet 
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the  first  molar  of  the  lower 
jaw  fitted  on  abutment 


1770 


Fig. 5:  Microstructure  of  a  casting  pro¬ 

duced  with  a  nine  frontlayer  com¬ 
pound  based  on  zircon  (magn.50x) 


Dental  titanium  castings 

microhardness  [VHN  0.02S] 

1050 

\ 

950  V, 

850 

750 

650 

550 

450 

350 

250  1 

150  - - r  " - "  - : - - - 

0  50  100  ISO  200  250  300 

surface-distance  [pm] 

-**-  AljOjSiOj-bajcd  1  Frontlayer  ZrOi  4  Frontlayer*  ZrOj 

Fig. 6:  Microhardness  versus  distance  of  the 

surface 


microhardness  [VHN  0.025] 

’  \ 

|  V. 

\ 


2.771 


SUfEt PLASTIC  TOIMIIG  OP  T1-6A1-4V  DEHTUEE  BASE 


Minoru  Okada1 1 ,  Hisashi  Mltsuya2’  and  Isamu  Katoh5’ 

1)  Sumitomo  Matal  Ind.,  1-8  Fuao-cho,  Amagasakl ,  660  Japan 

2)  JRCM,  1-7-2  Nlshl-Shinbashl,  Mlnato-ku,  Tokyo,  105  Japan 

3)  Sankln  Kogyo,  6-120-1  Kamo,  Kavanlshl,  666  Japan 


Abstract 

Titanium  alloy,  T1-6A1-4V  is  known  as  biocompatible  metal,  and  also  has  high 
strength  and  low  density,  so  It  seems  to  be  the  best  material  for  denture 
bases.  This  T1-6A1-4V  can  be  deformed  easily  at  the  superplastic  tempera¬ 
ture  between  1073  and  1173K. 

This  paper  shows  the  new  super-plastic  forming  process  of  T1-6A1-4V  denture 
bases.  T1-6A1-4V  plate  has  been  formed  super-plastlcally  on  the  die  by 
argon  gas  pressure  at  1073-1173K.  Superplastlcally  formed  denture  base  of 
T1-6A1-4V  showed  several  merits  compared  with  conventionally  cast  or  cold- 
pressed  denture  bases,  namely  good  fitness,  light  weight,  and  low  producing 
cost  because  of  simple  manufacturing  processes. 


I.  Introduction 

Metal  materials  for  denture  use  are  shown  In  Table. 1,  and  they  all  show 
good  corrosion  resistance.  Titanium  and  titanium  alloys  have  light  weight, 
good  corrosion  resistance  and  good  blocompatibillty,  so  they  appear  to  be 
the  best  materials  for  denture  bases.  Metal  denture  bases  are  now  mainly 
manufactured  by  the  casting  of  Co-Cr  or  Nl-Cr  alloys,  and  titanium  bases 
have  been  studied  to  be  manufactured  by  cold  pressing'  1  or  casting.  As 
titanium  have  low  formabillty  and  low  castablllty,  It  Is  hard  to  be  manufac¬ 
tured  by  these  processes.  Alpha-beta  titanium  alloys  show  super-plastlclty 
at  high  temperature  of  alpha-beta  region2'5’.  It  has  been  reported  that  the 
large  reduction  of  the  forming  cost  of  aerospace  products  have  been  per- 

Table  1  Alloys  for  Dentures. 


Gold  Alloys 
Silver  Alloys 
Paradlum  Alloys 
Ni-Cr  Alloys 
Co-Cr  Alloys 
Stainless  Steels 
Titanium  Alloys 
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for Bed  by  super-plastic  forming 4 >'6)  .  But  there  have  been  few  examples  of 
super-plastic  forming  of  non-aerospace  products,  because  of  its  small 
forming  rates.  As  denture  bases  need  individual  and  precise  shapes,  they 
seem  to  be  suitable  for  superplastic  forming. 

This  paper  describes  the  newly  developed  superplastic  forming  process 
of  titanium  alloy  denture  bases  using  argon  gas  pressure. 


2.  Materials  and  Methods 

The  effect  of  temperatures,  strain  rates  and  grain  sizes  on  the  super- 
plasticity  of  Ti-6A1-4V  was  examined.  The  chemical  composition  of  the 
material  was  shown  in  table  2. 


Table  2  Chemical  Composition  (wt.X) 


A1  V  Fe 

0 

H 

N 

C 

T1 

6.39  4.08  0.17 

0.18 

0.0035 

0.008 

0.01 

BAL 

Fig.  1  shows  the  apparatus  for  super  plastic  forming  of  T1-6A1-4V 
denture  base.  This  apparatus  consisted  of  an  upper  and  lower  pressure 
vessels.  The  forming  die  was  set  in  the  lower  pressure  vessel,  and  titanium 
alloy  plate  was  set  on  the  forming  die.  The  forming  die  was  made  with 
phosphate,  which  was  same  as  that  for  casting  of  titanium  denture  base.  The 
thickness  of  T1-6A1-4V  alloy  plate  was  0.5  mm.  Upper  and  lower  pressure 
vessels  were  closed  using  the  seal  material  to  maintain  the  vacuum  and  the 
applied  pressure.  Forming  pressure  was  applied  by  argon  gas  into  the  upper 
pressure  vessel.  Pressure  vessels  were  made  of  heat  resistant  alloy  IN  600, 
because  they  were  heated  to  1073-1173K.  The  expansion  of  the  die  from  room 
temperature  to  1173K  was  adjusted  to  be  same  as  that  of  T1-6A1-4V  in  order 
to  form  the  denture  base  in  the  precise  dimension.  Fig.  2  shows  the  heat 
pattern  of  the  forming  process.  After  heating  to  superplastic  temperature, 
the  plate  was  formed  with  the  gas  pressure  of  0. 8-1.0  MPa,  and  kept  in  1.8- 
3.6ks  to  form  the  denture  bases. 


1.  Lower  Pressure  Vessel 

2.  Forming  Ole 

3.  T1-6A1-4V  Sheet 

4.  Gas  Introduction  Tube 

5.  Upper  Pressure  Vessel 

6.  Seal  (Stainless  Steel  Ring) 


Fig.  1  Aspects  of  Super-plastic  Forming  Apparatus. 

V  M 
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Fig.  2  Heat  Pattern  of  Super-plastic  Forming  for 
Denture  Base  of  T1-6A1-4V  Alloy. 


3.  Results  and  Discussions 

3.1  Superplasticity  of  T1-6A1-4V  alloy 


Fig.  3  shows  the  effect  of  strain  rate  and  temperature  on  the  super¬ 
plastic  elongation  of  T1-6A1-4V  alloy.  T1-6A1-4V  alloy  shows  the  super¬ 
plastic  elongations  at  the  test  temperatures  between  1073  and  1173K  and  at 
the  strain  rates  between  10'^s*’  and  10"4s"'.  Fig.  4  shows  the  effect  of 
the  grain  size  on  the  super-plastic  elongations  of  T1-6A1-4V.  The  material 
with  the  initial  grain  diameter  of  4.2pm  showed  the  maximum  elongation  of 
1200*  at  U23K,  and  the  strain  rate  of  5  x  10‘5s"'.  It  is  clear  that  the 
superplasticity  of  over  300*  elongation  is  observed  at  the  condition  of  the 
grain  size  under  10pm  of  alpha  grain  diameter,  the  temperature  between  1073- 
1173  K  and  the  strain  rate  between  10"Js''  and  10‘4s''. 


Temperature  (K) 


Fig.  3  The  Effect. of  Strain  Rate 
on  the  Elongation. 
(T1-6A1-4V) 


Fig.  4 


V7i 


The  effect  of  Initial 

Gralr.  Size  on  the  Elongation. 

(T1-6A1-4V) 


Fig.  5  shows  the  temperature  dependence  on  the  flow  stress  in  the 
superplastic  conditions.  It  shows  the  strong  dependency  on  the  temperature. 
It  was  concluded  that  superplastic  forming  should  be  performed  between  1073- 
1173K,  and  that  the  grain  diameter  of  the  material  should  be  less  than  10ym. 
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Fig.  5  The  Effect  of  Initial  a  Grain  Size  on  the  Maximum  Flow  Stress. 
(T1-6A1-4V,  e-5  x  ».0-3s-') 


3.2  Superplastic  forming  of  T1-6A1-4V  alloy  denture  bases 

Fig.  6  shows  the  aspect  of  Ti-6A1-4V  denture  base  superplastically 
formed.  The  complex  palate  shape  was  precisely  restored  to  the  original 
shape.  Fig.  7  shows  the  hardness  distribution  of  the  cross  section  of  the 
denture  base.  Hardness  increase  due  to  oxygen  absorption  was  not  seen,  even 
on  the  surface  come  in  touch  with  the  forming  die.  Fig.  8  shows  the  clear¬ 
ance  measurement  between  the  superplastically  formed  denture  base  and  the 
master  model.  The  mean  value  of  the  measured  clearances  at  3  points  was 
about  50pm,  which  was  about  1/3  compared  with  those  of  cast  or  cold  pressed 
denture  base.  It  is  clear  that  precise  denture  base  can  be  formed  by  the 
superplastically  forming  process.  Fig.  9  shows  the  comparison  of  the  con¬ 
ventional  forming  process  to  the  newly  developed  superplastic  forming  pro¬ 
cess  of  denture  bases.  Manufacturing  process  was  largely  simplified  through 


Fig.  6  Superplastically  Formed 
Denture  Base. 


Fig.  7  Micro  Vickers  hardness  distribu¬ 
tion  of  superplastic  forming. 


the  reduction  of  the  number  of  pressings  end  the  abbrevietion  of  the  final 
annealing  in  the  developed  superplastic  forming  process,  compared  with  cold 
pressing  process.  Compared  with  that  of  cast  denture  bases,  the  grinding 
process  was  largely  simplified  because  of  the  good  surface  condition  in  the 
superplastic  forming  process. 


•— •  :  Superplastic  Formed 

T1-6A1-4V  Denture  Base 
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Casted  Denture  Base 
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Fig.  8  The  Comparison  of  the  Flttmess  between  Super-plastic 
Formed  and  Casted  Metal  Denture  Bases. 


Fig.  9  Manufacturing  processes  of  metal  denture  base. 


Fig.  10  shows  the  aspect  of  the  finished  denture  base.  It  was  con¬ 
firmed  that  titanium  alloy  denture  bases  can  be  formed  with  a  good  surface 
condition  and  a  proper  fitness  by  the  newly  developed  superplastic  forming 
process . 
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Fig.  10  Finished  Denture  Base. 


4.  Conclusion 

(1)  Superplastic  fornlng  process  of  T1-6A1-4V  denture  base  was  newly  devel¬ 
oped. 

(2)  Superplastic  fornlng  process  was  much  simpler  compared  with  conventional 
cast  or  cold  press  process. 

(3)  Superplastlcally  formed  denture  base  has  better  surface  condition  com¬ 
pared  with  cast  denture  base,  so  grinding  time  can  be  largely  reduced.* 

(4)  Superplastlcally  formed  denture  base  has  better  flttness  than  the  den¬ 
ture  bases  processed  by  the  conventional  processes. 

(3)  Titanium  alloy  denture  base  with  light  weight  and  blocompat lble  proper¬ 
ties  can  be  easily  manufactured  by  this  new  superplastic  forming  pro¬ 
cess. 
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ABSTRACT 

The  effects  of  Tl  chelate  as  alcroeleaent  on  agricultural  plants  ,  such 
as  wheat,  toaato,  apple,  aalze,  grape,  water  aelon,  straw  berry,  sugar¬ 
cane  sugar-beet,  tobacco  and  herbage  etc,. were  studied.  Due  to  spraying 
Tl  chelate  on  the  leawe  of  plants  It  can  Intensify  the  photosynthesis 
and  Increases  the  chlorophyl  I. etc, .The  yields  of  crop  were  Increased  by 
SX  to  20X  and  the  quality  of  crops  con  also  be  laproved.The  toxic  stud¬ 
ies  of  Tl  chelate  showed  It  is  practically  non-toxic  In  agricultural 
application. 
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INTRODUCTION. 


Since  1970  many  papers  concerned  with  the  biological  role  of  Tl  and  Its 
application  in  agricultural  plants  have  been  published  (1,  2,  3). The  Im¬ 
portant  study  on  this  field  was  carried  out  by  I.  Pais,  who  developed  Tl 
ascorbate  to  demonstrate  the  good  effects  of  Ti  on  the  growth  and  produ¬ 
ction  of  crops  (4).  In  1984  we  began  the  study  on  the  use  of  Tl  chelate 
In  agriculture  and  organlsted  a  Interdepartmental  research  group  consis¬ 
ting  of  some  agronomists, chemists  and  doctors  to  conduct  the  experiments 
on  the  preparation  of  Tl  chelate,  the  analysis  of  Ti  in  soli  and  plant, 
the  method  of  application,  plant  physiology  and  toxicology  of  Ti.  the 
effect  of  Tl  chelate  on  the  yield  and  quality  of  crops,  such  as  wheat, 
maize,  tomato,  apple,  grape,  water  melon,  strawberry,  sugar-cane,  sugar- 
beet,  tobacco  and  herbage  etc.,  was  also  studied. 


EXPERIMENT 


He  prepared  two  kinds  of  Ti  chelate,  one  is  Tl  dscorbate  which  contain 
10X  Tl  In  solid  form  or  50g/l  Tl  In  solution  (5),  the  other  Is  Tl  citr¬ 
ate,  which  contain  10g/l  Tl  In  solut lon(f>).The  Tl  concentration  for  the 
tests  of  seed  dressing,  seed  soak  and  foliar  spray  was  used  at  2ppm  to 
500ppm.The  pot-tests  In  green  house,  parcel  field  tests  and  large-scale 
farm  tests  were  carried  out  In  some  provinces  of  our  country.  Some  bio¬ 
logical  parameters  or  plant  were  measured.  Each  crop  was  treated  with 
different  concentration  of  Tl  and  with  water  as  control  at  different 
growing  stage.  Each  treatment  was  set  with  3  or  4  repeats  at  random 
arrangement.  The  results  or  tests  were  made  with  mathemathical  signifi¬ 
cant  evalut  Ion. The  radloact  Ive  labelled  elements  “N,  *P  and  “Rblhere 
Rb  take  place  or  K)  were  used  to  study  the  effect  of  T I  on  the  absorp¬ 
tion  and  the  transfer  of  N,  P  and  K  from  soil  and  fertilizer  to  plant. 
The  best  time  and  dose  of  the  application  for  each  crop  was  studied. The 
toxicological  study  on  safety  evaluation  of  Tl  used  In  agriculture  was 
also  carried  out. 


RESULTS  AND  DISCUSSION. 

1.  The  effects  of  Tl  on  the  physiology  role  of  plant. 

To  clarify  the  role  of  Tl  In  the  physiology  some  tests  on  the  germina¬ 
tion,  root  growth  and  plant  growth  of  some  crops  were  carried  out  (7). 
By  seed  dressing  of  peanut  and  maize  with  Tl  chelate  solution  at  diffe¬ 
rent  concentration  we  observed  Tl  can  promoted  the  germination  of  seeds 
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Fig  -  1  The  test  of  germination  for  peanut(left)  and  malze(right) 

Meanwhile,  after  seed  dressing  the  seed  of  peanut  and  maize  with  Tl  the 
root  and  plant  got  more  strong  In  comparison  with  controKFig  2  and  Fig 
3). 


Fig  -  2  The  effect  of  Tl  on  the  Fig  -  3  The  effect  of  Tl  on  the 
growth  of  peanut.  growth  of  malEe. 


The  pot-test  of  spraying  Tl  chelate  solution  at  different  Tl  concentra¬ 
tion  on  wheat,  tomato  and  grape  showed  that  some  parameters  of  root  and 
plant  were  greatly  Increased, when  the  Tl  concentration  was  used  between 
2ppm  and  50ppm,  Some  Inhibiting  effect  of  T I  on  growth  was  oDserved  at 
higher  Tl  concentration  (above  100ppm).  (Table  I  ,  Tab  I  e  II  and  Table  HI ) . 


Table!  The  effect  of  spraying  Tl  chelate  on  the  root  of  wheat, 
r - T - T - T - 1 


Treatment 

1 

1 

-i. 

Dry  weight  of 
root,  g/pot 

1 

1 

Volume  or  root 
cm>  /pot 

1 

1 

_i_ 

B 1 eed 1 ng 
mg/t i 1 ler.hr 

contro 

T 

1 

-i- 

1 . 58  ±  0. 17 

T 

1 

10.58+0.49 

t 

1 

25.251  0.52 

2ppa 

Ti 

T 

1 

1.76  +  0.30 

t 

1 

_1_ 

10.33+0.71 

t 

1 

28.921  0.10 

I0ppm 

Ti 

T 

1 

1.75  +  0.11 

T 

l 

11.6710.45 

T 

i 

42.20  +  0.79 

50ppm 

Ti 

T 

l 

_i_ 

1.7510.18 

T 

1 

12. 13+0. 12 

T 

1 

32. 0H3.35 

I00ppm 

Tl 

T 

1 

_i_ 

1.57  +  0.  16 

T 

1 

10.03  +  0.47 

T 

1 

.1. 

28.30+  0. 10 

200ppm  Ti 

T 

1 

1.58+0.09 

T 

l 

10.0710.28 

T 

1 

25.03±  1.36 

Table  II  The  effect  of  T i  on  the  root  or  tomato  seedling. 

r - T - T - t - 1 

I  Amount  of  root  |Thick  of  main  root  ILength  of  main  root | 

ITreatment  \ - T - + - t - + - t - -I 

I  |  Number  I  %  I  mm  |  %  |  cm  I  %  I 

(. - 1 - 1 - 1 - j - j - j - -| 

I  control  |  1 1  1 0.689  1 100  |  1.1  +  0.147  |  100  |  3.7+0.213  |  100  | 

I- - + - + - + - \ - + - + - \ 

I  I0ppm  T 1 1  17  +  0.516  1155  |  2.1  +  +0.152|  191  |  4.5+  0.254  |  122  | 

^ - + - + - + - + - + - + - 1 

I  20pp®  Tl|  21  +  0.718  1191  |  1.7*  0.131  |  155  |  5.6  +  0.201  |  151  | 

L _ 1 _ i _ 1 _ 1 _ 1 _ i _ J 
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Table  HI  The  effect  of  Tl  on  the  plant  growth  of  grape  seedling. 


treatment  I 

Plant 

highness  ca 

leaf 

nuaber 

leaf 

area  ca* 

- - - 

— 

before  spray 

50.8 

14.0 

71.5 

control 

— 

— 

spray  with 

after  spray* 

75.5 

17.3 

74.3 

water 

— 

— 

Increase 

24.7 

3.3 

2.8 

before  spray 

57.1 

14.7 

86.4 

spray  with 

5ppa  Tl 

after  spray* 

85.4 

20.0 

91.5 

Increase 

28.3 

5.3 

5.1 

L  -L  -L  -L  J 

•  Note  :  aeasured  after  S  days. 


As  we  known  the  chlorophyll,  photosynthesis  and  catalase  Is  the  laport- 
ant  factors  for  plant  life,  as  seen  In  Table  IV  these  paraaeters  for 
soae  crops  were  Increased  by  foliar  application  of  Tl  at  low  concent ra- 
t Ion  (8,  9, 10). 


Table  IV  The  effect  of  T I  on  physiology  of  crops. 


I -  — 

paraaeter 

— 

crops 

- , 

U  CflllClU 

wheat 

toaato 

r 

apple 

water 

aelon 

grape 

straw 

berry 

chlorophyl 

content 

■g/g 

control 

— 

1.44 

0.72 

2.95 

2.03 

2.32 

1.71 

10ppaT I 

1.57 

0.90 

2.83 

__j 

2.13 

2.48 

1.88 

photosynthesis 
intensity 
ag/da*  .hr 

control 

12.08 

- 

10.08 

4.37 

6.90 

3.54 

10ppaTI 

17.70 

_J 

10.77 

7.40 

7.95 

8.87 

catalase 

HjOl 

ag/g.ain 

control 

5.34 

26.02 

2.0 

72.11 

10ppaT  i 

_ J 

5.69 

_ 

_ 

38.03 

4.0 

79.48 

Otherwise,  by  the  radioactive  labelled  eleaent  “N,  *P  and  “Rb  (  here 
Rb  take  place  of  K  )  we  studied  the  effects  of  Tl  on  the  absorption  and 
transfer  of  “N,  “P  and*Rb  In  plant.  The  data  collected  In  Table  V, 
Table  VI  and  Fig  4  showed  that  the  utilization  rate  of  “N  was  enhanced 
and  Tl  can  proaote  the  transfer  of  “N,*P  and“flb  to  grain. 


Table  V  Utilization  rate  of  N  froa  fertilizer  after  spraying  Tl 
chelate. 


treatment 

—  -  —  i 

froa  fert 1 l Izer 
g/pot  1 

L  i 

r~ —  — i 

froa  soli  | 
g/pot  | 

L 

i - - 

I ut 1 1 Izat Ion  rate  of 

N  In  fertilizer  X 

r 

plant 

1 

grain 

plant 

(  ~ 1 

grain 

I  ”1 

plant 

1 

grain 

control 

0.127 

0.074 

0.181 

0.102 

53.1 

31.1 

5pp«T 1 

0.122 

0.082 

0.177 

0.118* 

51.5 

34.3* 

10ppaTI 

0.133* 

0.090m 

0.188 

0.126** 

56.6* 

37.9** 

50ppaT 1 

0.143m 

L _ J 

0. 106** 

1 

0.198 

0.142m 

60.4** 

44.4m 

L _ 

Note:  •  «  significant  at  5%  level,  **-s I gn 1 f leant  at  IX  level. 


Table  VI  The  effect  of  T I  on  the  redistribution  of  “N  and  "P 
nutrient  In  wheat. 

- T - 

I  the  redistribution  of  N  and  p  In  the  parts  of  plant  X 

(. - 1 - T - - 

treatment  |  grain  |  husk  I  stalk  leaf 


treatment  grain  husk 

“N  »p  “N  *P  1 


control  75.83  84.27  8.13  6.38  3.41  1.30  12  63  8.00 

20ppaT I  80.13  88.00  6.23  5.13  3.13  0.85  10.47  6.02 

coaparlson  *4.3  +3.7  -1.9  -1.3  -0.3  -0.5  -2.16  -2.0 


5  days 


9  days 


12  days 


Fig  -  4  The  erfect  of  spraying  Ti  on  the  absorption 
of  “Rb  for  wheat 


2.  The  effect  of  Tl  on  the  yield  and  the  quality  of  crops. 


By  the  several  hundred  tests  In  green  houses  and  on  parcel  field  the  Me¬ 
thod  as  veil  as  the  dosage  and  the  llae  of  application  of  Tl  chelate  was 
found.  The  spray  concentration  of  Tl  at  Sppi— 20ppi  and  seed-dressing  at 
200ppa — 250ppa  proved  suitable,  but  spraying  vas  widely  used  and  More 
efficient.  The  yield  and  increment  In  total  deionstrat Ive  field  shoved 
that  the  Increment  of  yield  for  crops  treated  with  Tl  vas  obtained  by 
5% — 15%  as  coMpared  with  control  (Table  M). 


Table  W  The  yield  and  quality  for  crops  treated  with  Tl. 


- 

r 

T  1 

Increaent 

crops 

- T - J 

laprovlng  quality 

range! X) 

average! X) 

spring  wheat 

0.7-17 

7.9 

crude  protein 

winter  wheat 

6. 9-7. 3 

7.1 

Increase  by  5X 

aalze 

6. 4-9. 6 

8.5 

—  12X 

herbage 

0.6-20 

9.8 

apple 

5  -30 

13.4 

aore  sweet  and 

water  aelon 

5  -26 

15.7 

Vc  Increase 

grape 

5.8-11 

10 

straw  berry 

12-18 

15 

sugar  beet 

5  —16 

9.5 

sugar  Increase  by 

sugar  cane 

8.4-11 

9.2 

0.6— 0.8  degree 

tobacco 

1.5-6 

3.8 

early  ripe  and 

toaato 

_ 

8—15. 1 

L 

11.8 

good  plgaent 

- 

3.  The  tltanlm  content  In  soil  and  plant  (12). 

Titanlua  In  soil  Is  generally  bound  In  the  rora  of  TI0>  or  tltanlua  si¬ 
licate,  so  it  is  practically  unavailable  for  plant,  The  analysis  of  510 
saaples  or  soil  vlth  0.02)1  EDTA  ♦  0.5XNH4CI  as  leaching  solution  shoved 
that  the  extractable  tltanlua  content  In  soil  Is  0.3ppa~1.0ppa  In  aver¬ 
age  (Table  W). 


Table  W  The  tltantua  content  In  the  soil  or  our  country. 


" 

r 

r 

1 

I  total  Tl  content(ppa)  | 

|  extractable  Tl  (ppa)  | 

soli  type 

— 

f - 

range 

average 

range 

average 

cabook 

1200-15950 

5680 

0.06—1.18 

0.55 

red  earth 

1000-26253 

9570 

0.07—3.89 

0.62 

loess 

3250—19520 

9971 

0.08—0.80 

0.38 

brown  sol l 

1800—5940 

3870 

0.13—2.72 

0.94 

terra-nera 

4200—16130 

6838 

0.53—0.96 

0.71 

chernozea 

6000—7700 

6500 

0.01  —  1.28 

0.30 

wet  aeadow 

|  4700-10000 

7900 

- 

L _ J 

L-  _L  J 

The  extractable  Tl  content  In  soil  not  only  afreet  by  soil  type  and  PH 
of  soil,  but  also  by  the  content  of  organic  substance  and  soll-foralng 
process.  As  Tl  In  soli  Is  hardly  absorpted  by  plant, The  content  or  Tl  in 
plant  Is  slight.  The  analytical  results  of  sote  crops  showed  the  Tl  con¬ 
centration  In  root,  stea  and  leaf  was  at  above  decade  ppa,  but  it  In 
grain  and  fruit  was  less  than  Sppa  for  dry  saaple  (Table  IX). 


Table  K  The  average  content  of  Tl  In  soae  crops. 


crop  |  wheat 

1 

aalze 

r —  t —  i 

apple  |  lucerne 

1 

part  of  plant  |  above 
| ground 

4- 

grain 

grain 

leaf 

fruit  (above  |  grain 
(ground! 

r  r 

Tl  content  ppa  |  29.0 

L _  —  -1  _  J 

<2.0 
_  _ 

<2.0 

_ 

r  1 

20 

_ 

5.4  |  <20  |  2.9 

_ _i _ i _ 

4. The  safety  of  the  application  of  Tl  chelate  In  agrlcuture. 

The  acute  toxicity  tests  showed  the  LDm  value  of  Tl-Vc  chelate  for  rat, 
alee  and  chicken  the  TLH  value  (  the  aedlea  talerance  Halt  )  for  coaaon 
fish  was  1200ag/kg.b.v.,850Bg/kg.b.w.,150ag/Kg.b.v,  and  1736—  10930ag/l, 
respectively.  It  belong  to  non-toxicity.  The  test  for  accuaulated  toxi¬ 
city  in  rat  showed  the  accuaaulat ion  coefficient  was  500,  known  as  low 
accuaulatlon.  Terat a  logical  tests  on  rat  showed  that  no  aalforaat Ion  In 
either  appearance  or  Internal  organ  or  the  fetus  was  found  with  dose  of 
Tl  chelate  at  lg/kg.b.w,.  By  long  tera  of  tests  we  suppose  acceptable 
dally  Intake  of  Tl  for  person  is  about  0.2ag/kg.b.w.  for  safety  coeff¬ 
icient  as  100X,  this  Halt  range  is  far  exceed  the  possible  Intake  for 
person  froa  coaaon  foodstufr.  so  the  hararul  effect  of  trace  tltanlua 
In  agriculture  application  on  living  Is  alaost  nonexlst. 
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CONCLUSION 


The  role  of  Tl  In  plant  physiology  showed  the  possibility  for  utilizing 
It  In  crop  production  Is  rellizable.  It  had  round  that  spraying  Tl  che¬ 
late  on  plant  can  intensity  the  photosynthesis  and  Increased  the  chlo¬ 
rophyll  and  the  activity  of  catalase.  The  absorption  and  transforaat Ion 
of  N.  P  and  K  was  enhanced.  The  yield  of  crops  In  average  was  increased 
by  5*—  15X  and  the  quality  of  crops  was  also  Improved.  By  the  toxicity 
tests  of  Tl  chelate  we  are  sure  the  application  of  Tl  chelate  in  agri¬ 
culture  Is  safe. 
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Abstract 

TI-6A1-4V  (Tl-6/4)  has  long  baan  astablishad  as  tha  workhorse  alloy  for  the 
titaniua  industry.  As  such,  it  has  baan  tha  largast  voluae  production 
alloy  and  it  is  produced  in  a  variety  of  grades  and  aill  product  forM. 
However,  the  intrinsic  cost  of  the  alloy  is  soastiass  too  high  to  juatify 
its  uaa  in  soma  vary  cost  sansitiva  non-aeroapaca  market  a  such  as  automo- 
bila  angina  valvea,  armor  plata,  etc.  In  order  to  overcasw  this  cost 
hurdle,  a  project  was  undertaken  to  develop  a  titaniua  alloy  with  charac¬ 
teristics  similar  to  or  batter  than  Ti-6-4  but  with  reduced  intrinaic  coat. 
Tha  resultant  alloy  (Ti-6Al-l.7Pe-.18i,  designated  TIMET AL. 628)  taken 
advantage  of  low  coat  alloying  aleMnts,  thus  avoiding  expensive  additions 
such  as  vanadiua.  In  addition,  the  new  alloy  la  designed  to  taka  full 
advantage  of  beta  processing  in  order  to  lower  conversion  coat  aa  well  aa 
improve  product  yield.  It  is  estimated  that  this  *6/4  equivalent*  alloy 
will  offer  a  ISt  to  20t  savings  over  conventional  Ti-6/4  without  any  debit 
in  performance. 


mtraducUan 

Titanium  alloya  have  been  used  for  many  years  in  aerospace  applications 
primarily  because  of  their  light  weight  and  high  strength  at  ambient  to 
moderately  elevated  temperatures  (up  to  about  5S0*C) .  In  these  appli¬ 
cations  the  higher  coat  of  the  titaniua  compared  to  ateela  or  other 
Mteriala  haa  been  offset  by  the  economic  advantages  attached  to  weight 
saving  in  aircraft.  However,  this  higher  coat  has  severely  limited  the  use 
of  titaniua  in  non-aerospace  high  voIum  applications  such  as  autesnbilea 
even  though  their  utilisation  would  lead  to  increased  fuel  efficiency  and 
thus  lower  operating  costs.  Two  current  alloys,  T1-6A1-4V  and  Ti-6Al-2Sn- 
4!r-2Mo,  have  been  used  in  high  performance  racing  engines  for  several 
years  with  excellent  results.  The  former  alloy  is  used  for  connecting  rods 
and  intake  valves  and  the  latter  for  exhaust  valves.  However,  in  these 
high  performance  applications,  fuel  efficiency  and  performance  are  of 
primary  concern  and  material  cost  is  secondary. 

TMim‘92 
Sdoooo  ond  Tiihilim 
fdedhyF  H.  from  and  Ipptai 
Tho  Miwroh,  Mstah  4  Msbrlob  SocMy,  1993 


In  order  for  titanium  alloya  to  make  more  aubatantial  inroads  into  non¬ 
aerospace  applications,  significant  cost  reductions  will  be  necessary. 

Some  of  the  factors  which  contribute  to  the  coat  of  titanium  alloys,  such 
as  the  cost  of  the  base  isetal,  cannot  be  changed  substantially  over  the 
short-term.  Others,  however,  c»n  be  subject  to  short-term  cost  reductions. 
Among  these  aret 

1.  The  Coat  of  Alloying  llementsi  For  example,  in  the  "workhorse* 
T1-6A1-4V  alloy  the  vanadium  at  a  typical  cost  of  approximately 
$13. SO/lb.  adds  about  $0.S4/lb.  to  the  cost  of  an  ingot.  Substi¬ 
tution  of  a  cheaper  element  such  as  iron,  at  about  $0. SO/lb.,  could 
save  about  $0. 45/lb.  for  an  equivalent  amount  of  beta  stabilization. 

It  should  also  be  noted  that  the  U.S.  is  dependent  on  vanadium  from 
a  foreign  source,  whereas  iron  is  obviously  a  domestic  resource. 

2.  Increased  Yield  from  moot  to  Final  Mill  Product  This  could  be 
brought  about  either  by  improvements  in  mill  processes  and/or  by 
formulating  an  alloy  which  is  more  tolerant  to  still  processes  (is, 
reduced  losses  from  surface  and  end  cracking  during  forging,  rolling 
or  other  metalworking  procedures). 

with  respect  to  Item  2,  an  alloy  which  could  achieve  the  desired  suite  of 
properties  after  being  processed  entirely  from  temperatures  within  its  beta 
phase  region  should  provide  increased  product  yield  primarily  because  of 
the  higher  ductility  and  lower  flow  atreesee  extant  at  these  temperatures. 
Currently,  alpha-beta  alloys  typically  receive  substantial  working  at 
temperatures  within  their  alpha-beta  phase  regions.  These  lower  tempera¬ 
tures,  with  their  concomitant  higher  flow  stresses,  lead  to  more  surface 
cracking  and  higher  conditioning  losses. 

An  alloy  developannt  program  was  undertaken  to  develop  such  a  low  cost 
substitute  for  T1-6A1-4V,  primarily  for  non-aerospace  applications  such  as 
automobile  intake  valves.  The  principle  avenue  of  pursuit  was  to  remove 
the  high  cost  beta  stabiliser  -  vanadium  -  and  replace  it  with  a  low  cost 
beta  stabiliser  such  as  iron  or  chromium. 

BABttl— ntil  Iritis 

Two  groups  of  alloy  formulations  were  melted,  processed  and  evaluated.  All 
material  was  double  vacuum  arc  remelted  (VAR)  as  nominal  20- cm.  dla.  x  35 
kg  Ingots.  Portions  of  these  ingots  were  beta  processed  (is,  worked  by 
forging  and/or  rolling  at  temperatures  above  the  beta  transus  temperature) 
to  1.2-cm  dia.  round  rod. 

Table  I  lists  the  nominal  and  actual  chemistries  melted,  processed  and 
evaluated  as  the  first  group  of  alloys.  All  ingots  were  melted  to  an  aim 
oxygen  level  of  .2  wt.%.  The  first  alloy  was  the  T1-6A1-4V  baseline  alloy, 
added  to  the  study  to  provide  a  proper  direct  comparison  to  the  experi¬ 
mental  alloys.  The  low  aluminum  alloy  was  selected  to  evaluate  its  effect 
on  processability  (is,  conversion  yield)  while  the  high  aluminum  alloy  was 
selected  in  order  to  maximise  the  use  of  low  cost  aluminum.  Iron  was  the 
principle  low  cost  beta  stabiliser  used,  although  chromium  was  also 
evaluated  in  addition  to  iron  in  some  heats.  The  silicon  was  added  to  one 
heat  in  order  to  assess  its  effect  on  high  temperature  creep  properties 
since  in  some  cases,  such  as  intake  valves,  such  an  alloy  could  operate  as 
high  as  480*C.  The  yttrium  was  added  on  another  heat  also  to  assess  its 
impact  on  processability. 


Table  I.  Koalnal  Composition*  and  Actual  Chemical  Analyses  (In  wt.  pet.) 
of  the  First  Alloy  Oroup  Teatsd 


Nominal  composition 

01 

5£  El 

as. 

fil 

S 

U 

T1-6A1-4V 

5.96 

4.10  0.055 

0.18 

0.002 

Ti-3Al-l.5Cr-l.5Fe 

2.92 

1.50 

1.47 

0.18 

0.003 

Ti-6Al-2Fe 

5.68 

2.17 

0.193 

0.001 

Ti-6Al-2Fe-0. ISi 

5.80 

1.99 

0.087 

0.198 

0.002 

Tl-6Al-2Fe-0 . 02Y 

5.69 

2.00 

0.189 

o.oo: 

Ti-6Al-lFe-lCr 

5.44 

1.13 

1.05 

0.222 

0.001 

Ti-8Al-2Fe 

7.46 

2.06 

0.206 

0.001 

For  these  sull  heats  which  were  forged  to  roughly  4-cm  square  then  rolled 
to  1.2-cm  round,  there  were  no  significant  difference  noted  in  processabil¬ 
ity.  Table  II  lists  the  tensile  properties  of  these  alloys  in  a  beta 
processed  plus  annealed  condition.  It  is  evident  from  Table  II  that  all  of 
the  three  Ti-6Al-2Fe  base  alloys  had  strengths  somewhat  higher  than  T1-6A1- 
4V.  Their  ductilities  were  also  slightly  lower  but  were  still  very  good 
considering  the  higher  strengths.  Ths  data  in  Table  II  Indicate  that 
yttrium  had  little  or  no  effect  on  the  ductility  of  the  Ti-6Al-2Fe 
composition.  Since  it  also  had  no  discernible  impact  on  processability  it 
was  dropped  from  further  consideration. 

Table  II  suggests  the  following  conclusions) 

a)  Low  aluminum  (-  3%)  results  in  strengths  too  far  below  the  benchmark 
TI-6A1-4V  alloy. 

b)  High  aluminum  (-  8«)  results  in  a  substantial  penalty  in  ductility. 

c)  While  Cr  can  be  substituted  for  F*  in  terms  of  strengthening,  there 
is  no  justification  in  terms  of  properties  for  using  the  higher  cost 
Cr  vs.  Fe. 


Table  II.  Tensile  Properties  of  Table  I  Alloys1 


Alloy 

UTS 

rs 

Nominal  Composition 

Temo.  C 

tl£l 

UEl 

\  M 

UTlong. 

Ti-6A1-4V 

24 

989 

950 

37.2 

13.5 

150 

858 

795 

53.0 

16.5 

300 

715 

652 

58.1 

15.0 

480 

650 

558 

60.4 

18.5 

Ti-3Al-l.5Cr-l.5Fe 

24 

863 

793 

41.5 

17.5 

ISO 

744 

625 

54.6 

23.0 

300 

610 

479 

64.0 

21.0 

480 

491 

407 

83.0 

27.0 

Ti-6Al-2Fe 

24 

1047 

990 

30.6 

15.5 

150 

922 

815 

39.9 

15.0 

300 

793 

643 

39.7 

15.0 

480 

650 

547 

63.7 

21.0 

Ti-6Al-2Fe-0.1Si 

24 

1059 

1024 

31.3 

14.5 

150 

950 

838 

36.0 

15.0 

300 

816 

668 

37.4 

14.0 

480 

661 

562 

63.9 

23.0 

2,709 


Table  II.  Tensile  Propartiaa  of  Tabla  I  Alloys1  (Contlnuad) 


Alloy 

UTS 

YS 

Temp.  C 

MPa 

MPa 

%  RA 

%  Fiona. 

Ti-6Al-2Fe~0.02Y 

24 

1019 

987 

31.1 

15.0 

150 

901 

791 

38.1 

15.5 

300 

775 

626 

46.8 

15.5 

480 

644 

559 

66.2 

21.0 

Ti-6Al-lFe-lCr 

24 

1015 

969 

29.1 

14.5 

ISO 

907 

793 

38.9 

15.0 

300 

769 

636 

40.0 

14.5 

480 

675 

566 

57.7 

18.5 

Ti-8Al-2Fe 

24 

1164 

1120 

5.8 

4.0 

ISO 

1072 

973 

10.6 

5.0 

300 

972 

816 

28.3 

13.5 

480 

808 

687 

42.8 

19.5 

11.2-cn  dla.  bar  bata  rollad  and  annaalad  at  700*C(2  hrs)AC. 

Tha  primary  purp.s*  of  tha  0.1%  silicon  addition  was  to  improva  tha  creep 
properties  of  tha  base  alloy.  It  had  this  desired  affect  as  shown  in  Table 
III,  wherein  a  two-fold  improvement  in  time  to  .2%  creep  atrain  was 
obtained  thru  tha  silicon  addition. 

Table  III.  Effect  of  0.1%  Silicon  on  tha  Creep  Properties1  of  Ti-6Al-2Fe 

Creep  Rate,  Tima  to  0.2%  Creep, 

&U&X  1  USUU 

Ti-6Al-2Fe  1.72  172 

Ti-6Al-2Fe-0. 1S1  1.39  331 

1Creep  tested  at  480*C  -  64  MPa. 

Considering  the  results  in  Tablas  I  thru  III,  it  was  apparent  that  an  alloy 
based  on  the  Ti-6Al-2Fe-. ISi  composition  would  meet  the  desired  strength 
goal.  It  was  then  necessary  to  assess  the  acceptable  limits  of  the 
alloying  elements.  The  aluminum  level  of  6%  (nominal)  appeared  optimum, 
based  on  the  indication  of  poor  strength  at  low  aluminum  levels  and  poor 
ductility  at  higher  levels.  Silicon  was  also  felt  to  be  optimised  at  .1%, 
since  higher  levels  add  melting  difficulties  (hence  cost).  Thus,  the  iron 
and  oxygen  were  selected  for  further  study. 

Tha  chemistries  melted  and  processed  for  the  iron  and  oxygen  effects  are 
listed  in  Table  IV.  The  iron  ranged  from  1.4  to  2.4  and  the  oxygen  ranged 
from  .17  to  .25.  The  alloys  were  double  melted  as  35  kg  ingots  then  beta 
processed  (forged  and  rollad  above  the  beta  transus)  to  1.2  cm  dla.  rod  and 
subsequently  heat  treated  by  three  processes  per  alloy  as  follows: 

Heat  Treat  Process  li  Solution  treatad  for  1  hour  at  60*C  below  the  beta 
transus  followed  by  water  quenching  and  aging  at 
540*C/8  hr. 

Heat  Treat  Process  2:  Annsalsd  700*C  for  2  hrs. 

Heat  Treat  Process  3:  Annealed  790’C  for  2  hrs. 


Table  XV.  Alloys  Melted  and  Processed  to  Study  Iron  and  Oxygen 


in  Ti-6Al-XFe- 

.1S1-X02  Base 

(wt. 

pet) 

Allov 

ZB 

51 

fi2 

A 

6.1  2.4 

.09 

.25 

B 

6.1  2.0 

.09 

.24 

C 

6.3  1.4 

.09 

.24 

0 

6.2  2.3 

.09 

.18 

I 

6.2  1.9 

.10 

.17 

P 

6.2  1.4 

.09 

.17 

Tensile  and  creep  properties  of  these  alloys  are  given  In  Table  V 
following  conclusions  can  be  drawn  front  this  data: 

Table  V.  Mechanical  Properties1  of  Table  IV  Alloys 

Material  Condition: _ Beta  Rolled/Alr  Cooled  ♦  Solution  Treated 

*  54P*C/B/AC  Aos 


Tensile  Creep 


Alloy2 

Room  Temp. 

900*C 

Post 

xa 

1J1 

X£ 

Lit 

Hrs  to  .2% 

Creep  Tensile 

XI  9  Wt 

A 

1180 

7 

635 

70 

500 

_ 

0 

B 

1055 

19 

595 

56 

740 

1080 

9 

C 

1040 

17 

570 

52 

500 

1050 

8 

D 

1115 

8 

610 

71 

330 

1140 

6 

B 

1005 

19 

580 

72 

780 

1010 

18 

p 

980 

24 

540 

57 

690 

1000 

17 

MatMUl  conflltlnm _ Bits  Hailed.*  Anntaltd  708*6/2  a r»/Air  cireltfl 

Tensile  Creep 

Allov2  Room  leap.  900*C  Post 

Ctttp  Ttnillt 


X£ 

UA 

Xfi 

UA 

Hri  to  .2% 

U 

UA 

A 

1100 

26 

595 

73 

25 

Brok« 

in  Thr««d» 

B 

105S 

30 

575 

71 

13 

1060 

9 

C 

10S0 

32 

550 

64 

22 

1040 

12 

D 

1050 

26 

580 

70 

12 

1030 

8 

I 

1013 

33 

600 

66 

17 

1020 

5 

P 

980 

29 

540 

66 

26 

985 

16 

HlUlli! Condition  I _ Beta  Rolled  ♦  Annealed  79CC/2  Hrs/Alr  Cooled 

Tensile  Creep2 

Alloy2  Room  Team.  900* C  Post 

Creep  Tensile 


Xfi 

ut 

n 

Lit 

Bri  to  .21 

XB 

Ut 

A 

1170 

25 

580 

71 

70 

1075 

3 

B 

1035 

33 

550 

67 

46 

1060 

11 

C 

1035 

34 

545 

65 

83 

1050 

10 

D 

980 

38 

565 

70 

24 

1015 

30 

I 

995 

34 

550 

69 

38 

1015 

13 

P 

965 

39 

SOS 

67 

81 

980 

22 

Effects 


The 


2Xt  •  Yield  strength  MPai  »  RA  •  %  Reduction  in  Areai 
Creep  test  run  at  480*C/84  kai  for  approximately  500  hrs. 
2 See  Table  IV  for  chselatries. 


1.  On  average,  an  incraaaa  of  about  .07  oxygen  ia  worth  about  60  MPa  in 
atrangth  (ie,  about  8.5  MPa  per  .01  wt.%  oxygen). 

2.  On  average,  a  1%  Fe  change  reeulted  in  only  about  a  40  MPa  increaae  in 
atrength. 

3.  For  all  heat  treat  condition!,  the  combination  of  high  iron  (2.4%)  and 
high  oxygen  (.25%)  reeulted  in  unacceptable  poat-creep  ductility. 

4.  Although  annealing  treatment  had  only  a  minor  effect  on  creep 
propertiee  (700*C  anneal  waa  woraa  than  790°C),  the  STA  condition 
waa  aubetantially  better  than  both  annealed  conditions. 

5.  Poat-creep  ductility  was  maximized  by  the  790*C  anneal,  low  oxygen 
and,  in  general,  low  iron. 

In  light  of  the  above  reeulta,  the  following  aim  chemiatry  ranges  were 

selected  for  the  optimum  alloy t 

Element  (Wt.%) 


Al 

II 

Si 

22 

Min 

6.5 

2.0 

.13 

.20 

Aim 

6.0 

1.65 

.10 

.18 

Max 

5.5 

1.30 

.07 

.15 

This  alloy  has  been  deaignated  TIKETAL.  62S . 

ftUoy  hmctirlHtlon 

In  order  to  more  fully  characterize  the  TIMETAL.62S  composition,  an  820  kg 
ingot  waa  melted  and  processed  to  plate  product.  The  following  properties 
were  obtained  from  this  heat. 


Physical  Propertleei  Table  VI  provides  a  summary  of  physical  property 
measurements  obtained  from  beta  processed  +  790*C  annealed  material.  With 
the  exception  of  young's  Modulus,  these  values  are  very  close  to  T1-6A1-4V 
values.  Of  note,  however,  is  the  high  modulus  values  obtained  by  testing 
both  longitudinal  and  transverse  directions  of  beta  processed  material. 

For  this  property,  TIMET AL. 62S  appears  to  have  roughly  an  8-10%  advantage 
over  T1-6A1-4V  at  the  same  density. 


Table  VI.  Physical  Property  Summary 


Property 

Specific  Heat  (cal/g*C) 

Electrical  Resistivity  (10~8  ohm-m) 
Thermal  Conductivity  (W/m-k) 
Thermal  Expansion 
Density  (g/cc) 

Poissons  Ratio 
young's  Modulus  (GPa) 

(Mpsi) 


Equation1  limp  Range 

Cp  -  .130  ♦  5.26x10-  (T)  RT  to  815°C 

pe  -  142. 0(T) 

A  »  7.54  ♦  . 0124 (T) 

a  -  5. 678(T) 

p  -  4.43  25*C 

p  -  .32 

E  -  125.5 

-  18.2 


1 Where  T  -  »C 


Mlcroatructurai  Figure  1  shows  typical  alpha-bsts  and  bsta  procssasd 
structurss  of  TIMETAL. 62S.  Thay  are  quits  typical  of  T1-6A1-4V. 


100X  100X 

(a)  (b) 

Figura  1  -  Typical  microatructures  of  TIMETAL. 62S  (a)  alpha-beta  processed 
and  (b)  bsta  procssasd  conditions. 

strength i  Figura  2  is  a  plot  of  strength  vs.  temperature  for  TIMETAL. 62S 
compared  to  T1-6A1-4V.  Ae  demonstrated  by  the  smaller  heats.  TIMETAL. 62S 
has  a  small  room  temperature  strength  advantage  over  T1-6A1-4V  in  the 
annealed  condition.  This  strength  advantages  diminishes  with  temperature 
such  that  both  alloys  are  equivalent  above  roughly  250*C. 
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Figure  2  -  Strength  va.  temperature  comparison  of  TIMETAL. 62S  and  Ti-6A1- 
4V  in  the  beta  processed  plus  annealed  condition. 


a— aa  Tolerance;  Table  VII  provides  valid  Klc  values  for  TIKBTAL.62S  in 
both  alpha-beta  and  beta  processed  conditions.  For  thia  strength  level, 
these  values  are  typical  of  T1-6A1-4V. 


Table  VII.  TIMITAL.62S  Toughness  Data 


Condition 


YS  (MPa)  KIc  (MPa-m'j) 


Alpha  Beta  Forge  +  Rex  Ann  139 
Beta  Forge  +  Rex  Ann  138 
Beta  Forge  +  Kill  Ann  13B 


45 

59 

55 


Fiourc  3  shows  a  crack  growth  plot  for  TIKITAI..62S  and  again  these  results 
are  quite  typical  of  Ti-6A1-4V. 


TIMETAL*62S  CRACK  GROWTH 
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Figure  3  -  Crack  growth  comparison  of  TIMETAL. 62S  with  Ti-6A1-4V  "typical". 

Summary 

A  new  low  cost  alloy,  designated  TIHETAL.62S,  has  been  developed  which 
offars  physical  and  mechanical  properties  equal  to  or  better  than  T1-6A1-4V 
but  at  a  substantially  lower  formulation  cost  than  T1-6A1-4V.  The  cost 
reduction  is  achieved  primarily  by  substituting  low  cost  iron  for  the  more 
expensive  vanadium.  The  primary  intent  of  this  alloy  is  to  provide  a  low 
cost  substitute  for  Ti-6A1-4V  in  cost  ssnsitive  industrial  applications. 
Depending  on  product  form,  it  is  estimatad  that  savings  of  15%  to  20%  can 
be  realized  compared  to  Ti-6A1-4V. 


2,794 


TITANIUM  TUBING  EXPERIENCE  IN  UTILITY  CONDENSERS 


Peter  L.  Moore,  Michael  J.  Nugent 
Consolidated  Edison  Company  of  New  York,  Inc. 


Abstract 

Consolidated  Edison  first  employed  titanium  tubing  to  replace  a  condenser  unit  that 
suffered  severe  corrosion  of  the  tubes  after  only  three  years  of  brackish  water  service. 
That  unit  has  since  achieved  20  years  of  service  with  excellent  reliability.  Con 
Edison  has  subsequently  replaced  seven  additional  condensers  with  titanium  tubing 
and  has  realized  similar  improved  reliability.  Overall  service  history,  evaluation  of 
design  philosophy,  installation  and  operational  precautions  with  titanium  tubed  units 
are  discussed.  Descriptions  of  actual  and  potential  failure  modes  of  titanium  tubes, 
including  methods  of  Non-Destructive  evaluation  and  corrective  measures  are  also 
discussed. 

System  Overview 

Consolidated  Edison  Company  of  New  York,  Inc.  (Con  Edison)  is  the  primary 
electric,  gas  and  steam  utility  serving  New  York  City  and  Westchester  County.  The 
total  area  served  is  660  sq.  miles  with  a  population  of  8. 1  million. 

Con  Edison  owns  and  operates  a  steam  turbine  generation  system  capacity  of 
approximately  7,400  MW  and  a  steam  co-generation  system  capable  of  producing 
14,000  Mlbs  of  steam  per  hour.  The  Plant  locations  are  shown  in  Figure  1.  All 
fossil  plants  are  located  on  salt/brackish  water  rivers.  The  nuclear  plant  is  located 
approximately  40  miles  north  of  Manhattan  on  the  Hudson  River.  The  water 
conditions  at  this  site  vary  from  fresh  to  brackish  depending  on  the  season. 

The  various  steam  turbine  units  at  these  facilities  were  originally  placed  into  service 
between  1937  and  1973.  The  overall  integrity  and  reliability  of  these  units  are  critical 
for  proper  unit  operation.  The  overall  performance  and  long  term  reliability  are 
crucial  for  unit  availability.  Tj)on(um  <n 
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Figure  1:  Map  of  the  Greater  New  York  area  showing  the  location  of  the  nine 

Con  Edison  Generating  Stations. 


First  Titanium  Application 

Based  upon  the  successful  field  test  of  titanium  in  Unit  No.  2  condenser  at  Arthur 
Kill',  a  decision  was  made  to  retube  Unit  No.  3  condenser  with  titanium.  As 
discussed  in  numerous  publications2,  the  main  advantage  of  titaniun  is  that  i;  forms  a 
stable,  protective  and  strongly  adherent  film  of  TiOj.  Unit  No.  3  condenser  was 
retubed  with  titanium  in  the  fall/winter  of  1971  and  returned  to  service  in  June  1972. 
The  Unit  No.  3  condenser  was  retubed  with  titanium.  The  tubesheet  of  aluminum 
bronze  was  left  in  place  and  no  coating  or  cathodic  protection  was  applied  at  that 
time.  The  tubes  were  60  feet  long  and  the  titanium  tubes  were  1”  diameter  and  22 
BWG  (0.028*  wall  thickness).  The  original  13  tube  support  plates  remained,  and  no 
additional  staking/supports  were  installed  at  that  time. 

Based  upon  the  successful  service  life  of  the  retubed  Arthur  Kill  Unit  No.  3, 

Unit  No.  2  was  retubed  in  1977.  Since  that  time,  these  units  have  accumulated  a  total 
of  33  years  of  service  for  the  41,012  tubes.  No  corrosion  activity  has  been  noted  in 
any  of  the  tubes  of  these  units  in  any  of  the  bi-annual  inspections.  In  total,  181  of  the 
41,012  tubes  have  been  plugged  either  due  to  external  mechanical  damage  or 
impingement.  Subsequently,  Astoria  Unit  No.  3  condenser  was  retubed  with  titanium 
tubes  (ft*  OD  -  22  BWG)  in  1985.  The  root  causes  of  damage  and  inspection 
techniques  will  be  discussed  later  in  this  paper. 
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Rebundle  Philosophy 


The  change  in  philosophy  from  the  retubing  of  condensers  at  Arthur  Kill  and  Astoria 
Unit  No.  3  to  the  rebundling  of  condensers  at  East  River  Unit  No.  7  and  Ravenswood 
Unit  No.  1  grew  out  of  a  need  for  reliability  and  improved  performance.  Essentially, 
the  rebundling  option  eliminates  some  potentially  damaging  mechanisms,  some  of 
which  were  experienced  at  Arthur  Kill;  these  include  galvanic  attack  of  the  copper 
alloy  tubesheet  and  subsequent  coating  related  problems.  Vibration  problems  are 
avoided  due  to  the  resizing  of  tube  support  spacings.  The  necessity  for  staking  is  also 
eliminated.  Finally,  state-of-the-art  condenser  design  can  now  be  retro-fitted  into  an 
old  condenser  shell  for  improved  performance.  In  other  words,  the  number  and 
distribution  of  tubes,  the  tubesheet  design  and  tube  sizes  can  be  upgraded  to  suit 
current  requirements.  An  EPRI  study  3  published  in  October  1988  highlighted  these 
factors  specifically  in  the  case  of  Ravenswood  Unit  No.  1  and  concluded  that 
rebundling  with  titanium  tubes  was  the  logical  and  most  feasible  approach  to 
replacement  of  this  condenser  for  long  term  economy. 

Ravenswood  Unit  No.  1  condenser,  part  of  a  400  MW  turbine-generator  was 
rebundled  in  the  spring  of  1988  using  OD  -  22  BWG  titanium  tubes  (ASTM  B338, 
Grade  2),  titanium  tubesheets  and  welded  tube  to  tubesheet  joints.  The  unit  was 
originally  tubed  with  aluminum  brass  (%"  OD  -  18  BWG)  tubes  with  90  -  10  copper 
nickel  in  the  air  removal  section.  After  25  years  of  service  in  East  River,  tube 
pluggage  reached  1 ,449  tubes.  Chronic  deterioration  in  its  final  year  of  operation  saw 
over  half  (800)  those  tubes  plugged. 

East  River  Station  Unit  No.  7  condenser,  a  185  MW  turbine-generator,  was  rebundled 
in  the  fall  of  1988  using  K"  OD  -  22  BWG  titanium  tubes  (ASTM  B338  Grade  2), 
titanium  tubesheets  and  welded  tube  to  tubesheet  joints.  The  tube  field  consists  of 
four  ‘church"  windows.  Each  window  contains  two  air  cooling  sections  and  two 
extraction  ducts  that  extend  from  tubesheet  to  tubesheet.  Although  deterioration  of 
East  River  Unit  No.  7  was  not  as  dramatic  as  Ravenswood  Unit  No.  1 ,  replacement 
was  based  on  the  deterioration  of  the  tubesheets  by  dezincification.  The  unit 
constituted  18,350  aluminum  brass  tubes  (%"  OD  -  18  BWG)  and  muntz  metal  tube 
sheets.  Only  377  tubes  were  plugged  at  the  time  of  replacement. 

Further  applications 

Following  the  successful  installation  and  operation  of  the  modular  bundles  at 
Ravenswood  and  East  River  Stations,  a  Condenser  Replacement  Program  was  begun 
in  1990  to  replace  mature  copper  alloy  condensers.  Subsequently,  Astoria  Unit  No.  4 
condenser,  a  383  MW  turbine-generator  was  rebundled  in  the  spring  of  1991  using 
OD  -  22  BWG  titanium  tubing  (ASTM  338  Grade  2),  titanium  tubesheets  and  welded 
tube  to  tubesheet  joints.  This  replaced,  after  28  years,  the  original  aluminum  brass 
tubed-unit,  which  had  reached  almost  2,000  plugged  tubes  out  of  24,200.  Astoria 
Station  is  also  situated  on  the  East  River. 


Replacement  of  Indian  Point  Unit  No.  2  condenser,  part  of  a  995  MW  pressurized 
water  reactor  (PWR)  turbine-generator,  also  began  in  early  1991  with  the  rebundling 
of  one  shell  of  a  triple  shell  condenser.  Waterboxes  21  and  22  were  rebundled  using 
W  OD  -  22  BWG  titanium  tubes  and  titanium  tubesheets.  This  was  necessitated  by 
the  degradation  of  the  arsenical  admiralty  brass  tubes  after  17  years  of  service.  The 
increased  emphasis  of  copper  reduction  in  the  PWR  system  also  lead  to  the  selection 
of  titanium.  The  balance  of  the  condenser  is  due  for  replacement  in  the  near  future. 

Astoria  Unit  No.  5  condenser,  part  of  a  383  MW  Turbine-Generator,  was  rebundled 
in  the  spring  of  1992  with  a  modular  unit  using  titanium  tubes,  tubesheets  and  welded 
joints.  Astoria  Unit  No.  5  is  identical  to  Astoria  Unit  No.  4  and  both  condensers 
suffered  similar  deterioration. 

SERVICE  HISTORY 

Galvanic  Corrosion 

Although  the  overall  corrosion  resistance  of  the  titanium  tubing  has  been  exceptional, 
there  have  been  specific  issues,  particularly  with  the  retubed  units.  In  the  early  days 
after  retubing,  particularly  at  Arthur  Kill,  galvanic  corrosion  between  the  cathodic 
titanium  tubes  and  the  anodic  naval  brass  or  aluminum  bronze  tubesheet  caused 
significant  wastage  of  the  tubesheets.  The  solution  to  this  problem  was  two-fold: 
coating  the  tubesheet  and  cathodic  protection.  Mixed  results  were  encountered  with 
both  these  fixes.  Coatings  tended  to  deteriorate,  resulting  in  worse  damage  in  the 
affected  area  and  had  to  be  replaced  often,  usually  every  other  year  (Figure  2). 
Cathodic  protection  requires  rigorous  maintenance  in  order  to  be  effective.  Tubesheet 
coatings  are  used  at  Arthur  Kill  Units  No.  2  &  No.  3  and  coatings  and  cathodic 
protection  are  being  employed  at  Astoria  Unit  No.  3.  Deterioration  of  water  boxes  is 
also  a  problem.  Most  new  waterboxes  are  rubber-lined  carbon  steel.  The  most 
effective  inspection  technique  for  this  type  of  damage  is  visual  examination  by 
qualified  personnel. 


Figure  2:  Tubesheet  corrosion  between  three  titanium  tubes.  Depth  of  attack 
approximately  V»”  (Arrow). 


2,794 


Vibration 


A  serious  problem  encountered  at  Arthur  Kill  Unit  No.  3  was  tube  to  tube  vibration 
wear  resulting  from  mid  span  collisions  of  tubes.  The  root  cause  of  this  problem  was 
inadequate  tube  support  spacing  caused  by  too  few  tube  support  plates.  It  occurred 
predominantly  at  the  center  spans  of  peripheral  tubes.  The  tube-to-tube  damage 
mechanism  is  described  in  Figure  3.  The  problem  was  detected  by  eddy  current 
testing  of  the  tubes  in  the  fall  of  1990  during  a  continuing  life  inspection  and 
confirmed  by  a  steam  side  inspection  and  subsequent  metallurgical  analysis.  The 
wear  was  found  in  up  to  six  bays  at  the  mid-span  locations. 

Although  no  tubes  suffered  through  wall  damage,  several  tubes  sustained  80%  wall 
loss  and  were  preventively  plugged.  The  problem  was  mitigated  by  staking 
throughout  the  condenser  although  the  damage  was  localized  to  a  specific  area  of  the 
bundle.  The  tube  support  spacing  was  about  50". 
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Figure  3:  Tube-to-tube  wear;  Mechanism  of  scar  formation  and  metal  loss. 


INSTALLATION  RELATED  DAMAGE/WELD  SPLATTER 
Retubed  units 

An  on  line  tube  leak  in  Astoria  Unit  No.  3  Condenser  occurred  in  1989  after  four 
years  of  service.  The  tube  leak  was  investigated  with  eddy  current  testing  and  the 
root  cause  was  identified  by  laboratory  examination  as  weld  splatter  damage. 


During  the  retubing  of  this  unit,  a  shroud  was  field  welded  over  the  air  removal 
section  resulting  in  weld  splatter  melting  almost  through  the  tube's  wall  in  several 
cases,  eventually  (four  years  later)  leading  to  a  leak.  Consequently  all  peripheral  air 
removal  section  tubes  in  this  condenser  were  eddy  current  tested  to  determine  how 
widespread  the  problem  was.  Stakes  were  originally  installed  in  this  unit  so  vibration 
should  not  be  a  problem. 

Rebundled  Units 

Rebundling  is  not  always  the  panacea.  A  leaking  tube  was  detected  in  the  periphery 
of  the  bundle  at  East  River  Unit  No.  7  condenser  in  1989  and  another  in  1990,  In  the 
first  case,  the  leak  was  eddy  current  tested;  both  cases  were  attributed  to  installation- 
related  damage.  Leaking  tubes  detected  during  the  hydrotest  at  Indian  Point  Unit  No. 
2  on  the  new  modular  condenser  were  also  due  to  installation  related  tube  damage.  In 
this  case  a  hand  tool  was  responsible. 

Similarly,  a  hydrotest  at  Astona  Unit  No.  4  on  the  new  condenser  detected  leakage  of 
the  tubes  due  again  to  weld  splatter  melting  through  the  tube  wall.  These  tubes  were 
on  the  uppermost  periphery.  All  periphery  tubes  were  eddy  current  tested  and  new 
tubes  installed  where  damage  was  sustained.  Two  tubes  sustained  through  wall 
damage  (Figure  4);  several  others  sustained  partial  damage. 


Figure  4:  Through-wall  hole  caused  by  weld  splatter  on  titanium  condenser  tube, 

Astoria  Unit  No.  4. 


Mill  Defects 

Occasionally,  an  original  manufacturer’s  mill  flaw  is  detected  by  eddy  current  testing. 
An  example  of  a  mill  flaw  in  a  titanium  tube  from  Arthur  Kill  Unit  No.  2  is  shown  in 
Figure  5;  the  depth  of  the  flaw  was  approximately  70%  through  wall. 
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Figure  5:  Mill  flaw  on  O.D.  surface  of  titanium  condenser  tube.  Arthur  Kill  Unit 

No.  2. 

Generally,  mill  defects  do  not  propagate  during  service  and  do  not  lead  to  leaks. 

When  they  are  detected,  however,  the  tubes  are  usually  plugged  as  a  precautionary 
measure.  It  is  important  to  note  that  in  most  cases  of  tube  damage  following 
rebundling  (except  East  River  Unit  No.  7),  the  damage  was  detected  by  the  hydrotest 
and  corrected  before  the  unit  went  on  line.  No  subsequent  cases  of  further  damage 
have  been  reported.  Ravenswood  Unit  No.  1  has  not  reported  any  leakage  in  four 
years  of  operation. 

Hydriding 

Although  this  has  been  a  reported  problem  at  other  utilities  and  overseas,  there  has 
been  no  observed  degradation  of  titanium  tubes  in  Con  Edison's  condensers  as  a  result 
of  hydnding.  Several  uppermost  tubes  were  removed  from  an  older  titanium 
condenser  (Arthur  Kill  Unit  No.  20  which  was  then  13  years  old)  in  an  effort  to 
determine  if  hydriding  was  present. 

Several  tests  were  performed  on  the  tubes,  including  metallography  and  strength;  none 
of  which  indicated  any  problem  with  hydriding.  For  the  test,  a  tube  that  had  the 
greatest  propensity  for  hydriding  was  selected.  In  fact,  apart  from  a  slight  brownish 
discoloration,  the  tubes  did  not  appear  deteriorated  at  all.  Titanium  units  are 
projected  to  provide  at  least  40  years  of  relatively  maintenance  free  service. 
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Inspection 


Con  Edison's  inspection  program  for  titanium  tubed  condensers  is  multitiered  and 
includes  eddy  current  inspection  of  tubes  on  a  regular  basis.  Incoming  Quality 
Assurance  testing  was  performed  on  sample  tubes  for  use  in  Indian  Point  Unit  No.  2 
condenser  to  determine  conformance  to  ASTM  B338  Grade  2. 

Eddy  current  testing  is  performed  on  a  sample  of  tubes  immediately  after  installation 
to  determine  a  base  line  and  also  to  detect  installation  related  damage  or  mill  flaws. 
Eddy  current  testing  is  then  conducted  in  two  to  five  years  time,  barring  any 
intermediate  problems,  and  repeated  at  least  every  five  years.  In  addition,  these  units 
are  overhauled  every  five  to  seven  years  for  continuing  life  assessment.  At  this  time, 
a  comprehensive  inspection  is  conducted  on  both  the  water  and  steam  sides. 

Acknowledgements 

The  authors  would  like  to  acknowledge  the  work  of  the  Con  Edison  Production 
(Fossil  Power),  Engineering,  and  (former)  Power  Generation  Services  Departments 
whose  work  led  to  the  selection  of  titanium  20  years  ago.  Special  thanks  to 
Icilma  Thornhill  for  her  diligence  in  the  preparation  of  this  manuscript. 

References 

1.  Stein,  Walter  "Evaluation  of  Experimental  Condenser  Tubes" 

Con  Edison  Report  Met  51,  April  28,  1971 

2.  Loren  Covington  "Titanium  Solves  Corrosion  Problems  in  Petroleum 
Processing"  Timet  Publication. 

3.  Bell,  R.  J.  et  al  "Condenser  Condition  Assessment  and  Retrofit  Analysis: 
Ravenswood  Unit  10"  EPRI  CS-6024,  October  1988. 


2,102 


INSPECTION,  NDE, 
QUALITY  ASSURANCE, 
DEFECTS 


2,103 


QUALITY  ASSURANCE  FOR  TITANIUM 


CRITICAL  APPLICATIONS 


Philippe  Martin,  Jean-Pau!  Herteman 


SNF.CMA  -  Direction  de  la  Quality 
B.P.  81 

91003  Evry  Cedex  -  France 


Abstract 


Titanium  alloys  exhibit  outstanding  corrosion  and  mechanical  properties  that  make  them  peerless  for  aerospace 
applications,  like  disks  and  blades  of  aeroengines  for  instance.  But  their  fatigue  behaviour  is  extremely  sensitive  to 
melting  defects  and  microstructure  variations.  Quality  control  and  assurance  is  a  critical  issue  for  safe  Titanium 
operations  and  is  continuously  being  improved. 

Melting  defects  have  been  documented  as  Type  I  hard  a  and  Type  II  a  snd  P  segregations.  Several  tenlhes  of 
potential  defect  origins  have  been  identified  through  the  whole  current  3  VAR  process  and  put  under  strict  Q.A. 
specifications.  As  a  result,  defect  rates  detected  on  billets  have  been  reduced  by  a  factor  of  ten  in  the  last  5  years. 
Industry  wide  data  base  (J.E.T.Q.C.)  now  provides  a  statistical  knowledge  of  risk  exposures  and  better 
opportunities  for  corrective  actions.  New  melting  processes,  like  Cold  Hearth  Melting,  are  being  developed  and 
could  lead  to  further  improvements,  provided  they  will  not  be  plagued  by  new  specific  defects  or  lack  of  capability 
of  composition  and  microstructure  control. 

Inspection  techniques,  i.e.  macroetching,  X-Ray  and,  mainly,  ultrasonics  are  being  improved  as  well.  Multifocal 
scanning  and  imaging  are  becoming  a  standard  practice  for  Premium  Quality  billets  and  parts.  In  the  medium  term, 
advanced  signal  processing  concepts,  like  ‘Time  reversal  self  focusing"  or  SAFCT,  could  bring  a  capability  of 
inspection  titanium  through  its  inherently  high,  microsctructure  related,  “grass  level”,  achieving  a  major 
technological  breakthrough. 
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The  mod  critical  applications  of  Titanium  alloys  are  certainly  the  rotative  parts  of  aeroengines  :  their  Quality 
Assinnce  is,  of  course,  driven  by  flight  safety  considers  rims. 

Engines  account  for  a  small  share  of  air  transport  accidents.  A  recent  analysis  of  data  has  shown  that  they  are 
responsible  for  12  %  of  accidents  between  19S9  and  1989.  However,  this  is  not  negligible,  and  it  is  clearly 
necessary  to  reduced  even  further  (,1.  Moreover,  considering  engines  in  commercial  air  transportation,  a  particular 
safety  concent  has  to  be  addressed  :  uncontained  failures  in  the  engine,  and  their  repercussions  on  the  airframe, 
systems  and  persons  carried.  They  are  the  main  cause  of  engine-related  air  accidents  [fig.  1], 


ENGINE  RELATED  AIRCRAFT  ACCIDENTS  :  12  % 


The  mailt  mechanism  involved  in  didr  separation  are  usually  fatigue  -  related,  whether  low  cycle  (induced  by 
engine  operating  cycles),  or  high  cycle  (intrinsec  dynamic  modes  of  the  rotor  or  rotor/stator  interactions, 
sometimes  of  aerodynamic  origin).  The  origin  of  fatigue  cracking  and  fracture  often  lies  in  the  very  design  of  the 
pan  (Fig.  3],  but  fractures  are  also  encountered  as  a  result  of  maintenance  fault  (7  of  the  32  cases  recorded), 
machining  and  rurfece  treatment  faults  (also  7  cases)  and  material  defects  (6  cases). 


THE  NON  CONTAINED  FAILURES  ISSUE 
SAE  reports  Air  4003 . 1976  -  1983 

UNCONTAINED  DISKS  FAILURES, 
COMMERCIAL  TRANSPORTS 
Total  record  52,  rate  0.15  /  million  hours 


Although  not  the  most  frequent,  this  latter  cause  is  of  particular  importance  from  the  technical  standpoint  since,  as 
they  can  be  located  anywhere  in  the  volume  of  the  disk,  they  can  give  rise  to  particularly  dangerous  fragments. 
Furthermore,  from  the  psychological  standpoint  they  are  unacceptable  as  fractures  of  this  kind  can  lead  to  a  loss  of 
confidence  by  the  travelling  public. 


Titanium  alloys  have  a  significant  share  in  the  responsability  of  these  unconiaincd  failures.  Their  outstanding 
corrosion  resistance  properties  and  excellent  ratio  strenghl/density  make  them  inemplaceable  in  the  production  of 
high  performance  aeroengines  :  they  are  widely  used  in  disks,  particularly  in  low  and  high  pressure  compressor 
portions  of  most  but  all  modem  engines.  But  their  fatigue  behaviour  is  extremely  sensitive  to  melting  defects  and 
microstructure  variations.  Several  events  during  the  past  decades  are  here  to  recall  it  to  us.  The  last  one.  which 
occurcd  in  the  summer  of  1989  in  Sioux-City  (Iowa)  due  to  an  uncontained  fan  disk  burst,  lead  to  the  creation  of 
the  FAA  ‘Titanium  Rotating  Components  Review  Team".  This  group,  comprising  FAA  personnel,  performed  an 
extremely  exhaustive  and  in-depth  review  of  the  cases  of  cracking  or  fracture  which  have  occurcd  in  service  since 
1962,  following  titanium  material  defects,  and  presented  its  conclusions  to  the  engine  manufacturers  in  May  1991, 
and  to  the  airlines  in  September  1991 .  It  identified  25  cases  of  cracking  or  failures  :  19  ‘Type  I”  defects  (Fig.  4J 
(hard  a,  as  with  the  Sioux -City  disk)  and  6  'Type  II"  (Fig.  5]  (segregation  without  sudden  rise  in  hardness  or 
tearing). 
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•  Figure  5  - 

Fixix  engine  makers  were  uwerned.  which  clearly  shows  ihal  the  problem  is  a  widespread  one.  and  not  isolated  or 
specific  Ui  such  cir  such  a  design  practice  or  manufacturing  process  The  very  high  chemical  reactivity  of  liquid 
titanium  encourages  the  risk  of  appearance  of  the  defects  mention ned  earlier,  throughout  its  working  cycle  (sponge 
manufacturing,  melting,  etc  In  addition,  the  metallurgical  structure  of  titanium  gives  it  a  high  background 
noise,  thus  making  inspection  of  dies  faults  by  means  of  ultrasonic  scanning  of  the  forged  blanks  more  dclicaic 
than  w  ith  die  other  families  of  materials 

Then  from  the  present  situation,  where  titanium  defects  account  for  ahoul  0.1  cracking  and  001  uncon  tamed 
failures  per  million  flight  hours,  which  are  the  opportunities  of  improvement  for  the  future  ?  Two  mam  axis  seem 
lo  contain  enough  potentialities  to  achieve  a  major  step  in  adressing  the  issue  of  safer  titanium  operations  i.e  less 
than  0.001  uncontained  failures  per  million  flight  hour 

ilte  first  axis  concerns  die  understanding  of  damage  growth  mechanisms,  and  their  integration  in  the  design  This 
knowledge  must  overpass  the  qualitative  field,  and  cover  quanuuuvely  the  emetics  of  the  different  potential  failure 
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processus,  (heir  relation  with  material  structure  and  processing,  as  well  as  their  sensibility  to  environmental  factors 
121  I  will  not  develop  furthermore  this  as  is  in  this  presentation.  Even  if  promising  and  essential,  it  will  remain  at 
least  at  short  term,  insufficient :  some  of  the  important  damage  mechanisms  are  still  at  a  scientific  investigation 
stage  ;  furthermore,  il  appears  sometimes  very  difficult  to  know  completely  and  precisely  the  environmental 
parameter;  in  which  the  material  has  to  operate. 

The  second  axis  concerns  the  improvement  of  the  quality  of  materials,  by  having  an  enhanced  control  of  defects.  In 
this  matter,  two  progression  ways  have  to  be  pursued  :  the  first  one,  classical,  of  the  upgrading  of  the  non 
destructive  testings  ;  the  other  one,  more  global,  of  the  control  of  the  manufacturing  processes,  from  the  raw 
material  to  finished  product.  These  two  approaches  must  not  be  opposed  to  each  other.  They  are  in  fact 
complementary.  Any  manufacturing  process  generates  its  own  defects  :  the  residual  risk  will  result  of  the 
combination  of  both  the  risk  of  non-detection  of  the  defect  at  inspections,  and  its  occurence  rate  PI.  Then  it  is 
essential  to  adress  both  issues  by  minimising  them.  Several  recent  and  future  developments  offer  potentialities  to 
achieve  these  goals. 


2-  THE  CONTROL  OF  THE  PRODUCTION  AND  MANUFACTURING  PROCESSES 
OF  TITANIUM  ALLOYS 

It  is  essential  to  look  unceasingly  for  progressing  in  the  field  of  generation  of  defects,  to  be  more  preventive,  to 
make  "right  at  the  first  lime”.  Reliability  of  the  final  inspection  is  not  always  sufficient  by  itself :  it  is  necessary 
to  associate  to  it,  and  sometimes  substitute,  the  reliability  of  the  production  and  manufacturing  processes |41. 

The  control  of  metallurgical  and  mechanical  quality  calls  for  a  panel  of  coherent  tools  complementary  between 
them.  Their  efficiency  is  proved  and  can  be  illustrated. 

a)  Statistical  survey  of  process  : 

Control  of  processes  is  the  constant  research  for  the  lowest  possible  variability  of  the  caracterislics  of  the 
product.  Therefore,  it  is  first  necessary  to  determine  this  variability,  and  then  to  survey  its  evolution,  respecting 
the  chronology.  That  necessitates  to  realize  some  measurements  caraclerizing  the  product  at  the  significant  steps 
of  its  production  (it  may  concern  non  destructive  testings  incorporated  in  the  processus,  and  non  necessarely 
final)  and  the  implementation  of  a  statistical  survey  on  these  parameters  (control  charts,  histograms  of 
evolution,  etc...). 

In  the  case  of  titanium  alloys,  of  particular  interest  is  the  follow  up  of  melting  defects  for  the  reasons  explained 
above.  Non  destructive  testings  directed  to  detect  these  defects  are  mainly  the  ultrasonic  inspection  performed  on 
the  billet  before  forging  and  on  the  forged  disk  at  a  premachined  stage  ;  also  the  macrographic  inspection  is 
realized  at  two  steps  :  forged  part  -  sonic  shape  -  and  finished  disk-machined.  Figure  6  shows  an  histogram  of 
evolution  of  occurence  rate  of  hard  a  detected  during  these  inspections.  Il  is  interesting  to  see  the  dramatic 
improvements  accomplished  during  the  past  10  years,  allowing  then  to  measure  the  impact  of  the  quality 
assurance  dispositions  taken. 


Ti  QUALITY  TRENDS  (SNF.CMA  purchased  material  only) 
Fiprt  4 


R  Endommagemant  an  fatigue  otigocyclique  des  diaquea  de  turbomachinei  - 

J-Y.  OUEDOU,  Y.  HONNORAT,  SNECMA  -  Maldriaux  el  techniques  ■  Janvier/fdvrier  1989. 

P!  Lea  maldriaux  dans  lea  problkmes  de  liability  e»  durability.  Quels  axes  de  recherche  el  de  progrts  ? 

1-P  HERTEMAN  SNECMA  -  Entretiena  Science  de  Defense,  1990. 

I4!  La  maitrise  des  proeddda  de  fabrication  dans  une  conception  de  loldrance  aux  dommages  - 
1 P.  HERTEMAN  SNECMA  -  AGARD/SMP  report  773. 
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Horn  our  experience,  the  “key  parameters"  which  have  driven  thii  improvement  and  have  to  be  kepi  under  Uriel 
and  conatant  control  are: 

-  introduction  of  triple  melt  (1984), 

-  surface  conditionriing  of  electrode],  especially  after  primary  melting, 

-  welding  under  chamber  with  controlled  atmosphere, 

-  improvements  in  sponge  process  decreasing  risks  of  fires,  finer  sponge  size, 

-  reinforcement  of  final  inspection  criteria  on  sponge :  visual  inspection,  contaminated  particles, 

-  reinforcement  of  allowed  recycled  scraps,  as  for  example  interdiction  of  flame  cut  recycling, 

-  ultrasonic  inspection  by  immersion, 

-  better  control  to  avoid  melting  into  stuh/hoider  and  no  recycling  of  remaining  electrode  tops 
•  improved  melting  ftmaces  controls. 

However,  as  ahown  by  this  histogram,  the  frequency  of  observation  of  the  defects  in  question  has  become 
indeed  too  low  for  a  single  producer  or  user  to  be  able  on  its  own  to  identify  significant  trends.  Only  a  world 
wide  quality  data  base,  such  as  Jet  Engine  Titanium  Quality  Com  idee  created  after  the  Sioux  City  accident,  and 
intended  as  a  permanent  observatory  of  titanium  manufacturing  Quality  throughout  industry,  allows  a  reliable 
statistical  evaluation  of  the  occurence  rate  of  these  melting  defects.  Its  data  base  is  designed  to  cover  all 
titanium  producers  and  currently  contains  17  companies.  Pooling  of  information  for  example  allows 
identification  of  the  areas  of  the  ingot  which  present  the  highest  risk,  or  quantification  of  the  progress  made,  on 
a  data  base  ten  times  greater  than  that  which  would  be  accessible  to  a  singe  user. 

b)  Rehabilitation  of  processes  : 

Actions  allowing  to  have  access  to  it  concern  qualification  of  production  equipements,  and  may  extend  up  to  an 
analysis  of  reliability  (FMECA)  of  them,  stability  and  capability  study,  implementation  of  statistical  survey  of 
pertinent  operating  parameters  of  these  production  equipments,  and  of  course,  an  adequate  preventive 
maintenance. 

Reliability  of  processes  governing  metallurgical  quality  of  titanium  alloys  is  of  prime  concern.  Experience  as 
far  as  now  has  shown  that  any  process  has  its  advantages  and  inconvenients.  Consequently,  it  is  mandatory  to 
gain  sufficient  experience  in  order  to  determine  weaknesses,  variability  and  risks  associated  with  the  process. 
Then,  it  is  possible  to  look  for  the  root  causes  of  the  potential  defects  using  tools  presented  above,  and  to  try  to 
get  control  of  them  by  setting  for  example  adequate  quality  assurance  dispositions.  In  order  to  address  the  hard  a 
problem,  this  approach  has  been  performed  recently  on  VAR  melting  process  currently  used.  It  has  been  clearly 
shown  <s>  than  nearly  30  different  causes  could  potentially  lead  to  the  formation  of  an  hard  ol  In  the  same  time, 
a  study  on  the  refining  capability  of  the  VAR  process  has  been  conducted.  For  the  first  time,  starting  from 
representative  artificial  defects,  it  has  been  demonstrated  that  the  efficiency  rale  for  eliminating  hard  a  defects  by 
the  3  x  VAR  process  used  for  disk  is  approximately  92  %.  It  is  worthwhile  to  note  than  more  than  20  years  of 
production  with  this  process  have  been  necessary  in  order  to  determine  more  appropriate  and  strict  quality 
assurance  specifications.  Is  another  process  more  capable  ?  This  is  the  full  intent  of  the  Cold  Hearth  processes. 
Experience  gained  so  far  shows  that  Electron  Beam  melting  has  a  better  capability  than  3  x  VAR  for  removing 
LDI  and  HDI ;  but  progress  remains  to  be  made  to  address  some  risks  specifically  related  to  this  process  : 
chemical  homogeneity,  condensate  fall-in,  as  well  as  variability  resulting  of  off-nominal  conditions  such  as 
melt  interruptions. 

An  other  important  metallurgical  quality  aspect  for  titanium  alloys  is  microstructure  variations,  resulting  both 
from  ingot  to  bar/billet  conversion  processes  and  from  forging  processes.  Relationship  between  microstructure 
(size  and  morphology  of  grains,  primary  and  secondary  phases,  banding,  heterogeneities,  etc...)  and  crack 
initiation/propagauon  rate  is  strong.  It  is  essential  for  an  engine  maker  to  control  this  aspect,  which  governs 
the  authorized  operating  life  of  rotating  parts  (low  cycle  fatigue),  and  also  resistance  margin  in  high  cycle 
fatigue.  Compliance  with  operating  life  sold  to  airlines  is  a  major  economical  goal.  The  cost  of  all  the 
titanium,  life  limited,  critical  pans  of  an  engine,  represents  10  to  20  %  of  the  engine  maintenance  cost,  which 
ranges  typically  between  50  to  100  $  per  flight  hour.  Thus,  even  a  10  %  variation  in  the  certified  fatigue  life  of 
these  parts  (typically  10.000  to  30.000  cycles)  would  significantly  affect  the  life  cycle  cost  of  the  engine  and  be 
a  serious  concern  for  the  airline  operating  the  engine. 

Proven  capability  and  consistency  of  these  conversion  and  forging  processes  are  then  mandatory.  Figure  7 
illustrates  an  example  of  capability  improvement  made  in  the  forging  process  of  fan  blades  at  SNECMA 
Gennevilliers,  leading  to  an  increase  of  75  %  of  the  resistance  margin  in  high  cycle  fatigue. 


Is)  Titanium  Base  Alloys  Clean  Mell  Process  Development 

C£.  SHAMBLEN,  G3.  HUNTER  -  GENERAL  ELECTRIC  AIRCRAFT  ENGINE  BUSINESS  GROUP  - 
Proceedings  of  the  1989  Vacuum  Metallurgy  Conference  on  the  Melting  and  Processing  of  Specially  Metals. 
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Microstmcturc  I 

High  cycle  fatigue  Strengh  0 ;  =  350  MP« 


-  Figure  7  - 


Microstructure  2 

High  cycle  fatigue  Strengh  02  =  620  MPa 


c)  Total  Quality  Management : 

Involvement  of  people,  including  operators  themselves,  by  implementation  of  self-inspection  in  manufacturing, 
of  Quality  Improvement  Teams  or  action  groups,  is  a  most  necessary  step  in  process  control. 

d)  Numerical  modelisation  of  processes  : 

Numerical  modelisation  of  production  (melting)  and  manufacturing  (forging,  casting,  etc...)  is  undoubtfully  a 
scientific  tool,  whose  utilisation  developps  very  quickly.  Indeed,  it  offers  potentialities  to  ovcrmulliply, 
compared  with  conventional  approaches  by  subsequent  experimental  iterations,  industrial  capabilities  (i.e.  at 
reasonnablc  cost  and  time)  to  : 

-  optimize  a  manufacturing  sequence  in  regards  of  given  product  specifications, 

-  perform  studies  in  regards  of  some  significant  but  nccessarcly  varying,  parameters  of  the  process, 

-  measure  impact  and  consequences  of  off-nominal  conditions  of  the  process, 

-  correct  quickly  and  efficiently  the  process  in  case  of  trends,  or  occurences  of  repeatable  defects. 

SNECMA  has  undertaken  since  about  10  years  the  development  of  modelisation  programs  concerning  several 
processes  such  as  solidification  (equiaxial  and  directed)  of  supcralloy  turbine  blades  cast  under  vacuum,  as  well  as 
forging  (conventional  and  hot  die)  and  heat  treatment  of  axisymclric  pans  |6|.In  this  last  case,  forge  2  model  from 
CHMEF  is  used.  The  different  modelisation  steps  arc  as  follows : 

-  study  of  the  strain/flow  of  metal  by  taking  as  hypothesis  the  dimensions  of  the  initial  mult  and  shape  of  dies. 
The  goal  is  to  get  a  cartography  showing  an  homogeneous  strain  without  defects  (such  as  lack  of  filling, 
overlap,  sharp  flow  pattern,  etc...), 

-  metallurgical  study  of  the  thermomcchanical  sequence  :  optimizatioi  of  the  different  parameters  such  as 
temperature,  strain  rate,  lubricants,  etc... 

Figure  8  gives  an  example  of  flow  pattern  problem  (overlap  and  sharp  is  intt  on  a  titanium  forged  fan  disk  ;  this 
has  been  analysed  and  simulated  using  modelisation,  and  could  be  resolved  by  a  mixlification  of  the  die  radii. 


La  modriisilion  dcs  procMcs  dc  misc  cn  forme  cn  Forge  cl  Fondrnc  dc  precision 

Y.  HONNORAT  A  LASALMONIE  SNECMA  HEmc  colloquc  MalPriaux  pour  t'Afronauliquecl  FEspacc 
Juin  1989.  Pins 


The  Ague  9  given  another  example  concerning  the  hot  die  forging  of  Til?  compressor  disk : 
the  model  was  used  to  study  the  influence  of  several  forging  parameters  (initial  mult  size,  die  shape,  etc...),  in  a 
successful!  attempt  to  assure  a  minimum  amount  of  working  in  all  areas  of  the  pan.  This  study  is  essential  to 
evaluate  dispersion  of  some  mechanical  properties  within  the  part,  such  as  fatigue  and  ductility,  as  they  are  lower 
in  areas  with  less  metal  working,  where  grain  size  is  coarser  and  equiaxial. 


3-  NON-DESTRUCTIVE  TESTING 

Actions  to  improve  control  of  production  and  manufacturing  processes  are  then  essential.  However,  control  of 
“defects”  cannot  be  considered  without  an  efficient  Anal  inspection.  No  existing  process  is  perfect,  and  those  used 
for  melting  and  conversion  of  titanium  alloys  don't  make  exception  to  the  role. 

a)  Improvement  of  inspection  reliability 

No  inspection  technique  provides  an  absolute  filter.  The  different  kinds  of  non-destructive  testing  of  defects  in 
materials,  whatever  is  the  physical  process  (ultrasonic,  Eddy  current,  fluorescent  penetrant,  etc...)  used,  are  all 
concerned.  Efficiency  of  a  non  destructive  testing  must  be  analysed  in  statistical  terms  :  probability  of  non 
detection  of  a  defect  with  known  characteristics  and  frequency  of  false  calls.  A  considerable  effort  must  be  agreed 
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lo  gel  access  ai  the  knowledge  of  effective  detection  performances  of  used  techniques.  This  effort  is  already 
engaged  concerning  detection  of  in  service  defects  (i.e.  fatigue  cracks)  by  fluorescent  penetrant  inspection, 
ultrasonic  inspection  and  Eddy  current  inspection  (figure  10). 


-  Figure  10  • 


It  will  have  to  be  pursued  for  detection  of  manufacturing  defects  (hard  a.  type  II.  clean  voids,  etc...),  but 
probably  with  a  different  approach  due  to  the  difficulties  ro  obtain  representative  defects,  and  the  amount  of 
descriptive  parameters  of  defects  to  take  into  account 

The  statistical  knowledge  of  detection  performances  is  one  thing,  their  improvement  is  another  one  The  first 
aspect  of  this  improvement  concerns  inspecuon  equipements  by  themselves  :  as  defects  detected  arc  more 
critical,  main  effort  is  directed  on  ultrasonic  inspection  A  recent  round  robin  campaign  concerning  ultrasonic 
response  on  one  calibration  block  clearly  illustrates  the  problem  of  insufficient  repeaubilny  from  one 
equipment  to  another,  with  difference  reaching  6  dB  or  more  Improvements  are  needed  on  each  element  US 
equipment,  transducer,  calibration  block  This  situation  justifies  the  importance  to  identify  the  cnucal 
parameters  of  each  of  these  elements  ;  then,  these  ones  can  be  pul  under  control  by  specifying  limits  Figure  1 1 
illustrates  differences  of  responses  obtained  from  two  transducers  commonly  used  in  the  industry  Also,  an 
important  task  to  achieve  is  to  establish  coherent  calibration  conditions,  by  using  "reference  material”  and 
generalization  of  Flat  Bottom  Hole  Another  aspect  of  performances  improvement  is  undoubtfully  automation 
of  inspection  more  than  new  physical  processes  (infrared  thermography,  laser  holography,  ect.  )  which  don't 
bring  a  significant  gain  in  term  of  detection  levels  compared  with  current  processes,  decisive  progresses  are 
expected  from  automation 
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EXPERIMENTAL  RESULTS 
Prediction  of  flaw  response  from  plane  reflector  response 


-  Figure  11  ■ 


b)  Quantify  the  non  destructive  letting 

Non  destructive  inspection  techniques  have  very  often  a  nature  rather  qualitative  (good/bad)  than  quantitative 
(characterization  of  the  detected  defect).  This  fact  limits  their  ability  to  act  as  a  major  tool  in  the  acceasion  to 
process  control,  and,  sometimes,  reduces  their  efficiency  to  be  a  filter  of  any  “mechanically  unacceptable"  defect 

This  is  exactly  the  case  concerning  material  defects  in  titanium  alloys  :  hard  a  and  type  II  segregation  are 
typical  defects  resulting  of  the  melting  process,  clean  voids  are  generated  during  thermomechanical  conversion. 
The  nocivity  of  these  defects  depends  on  their  physical  nature,  the  condition  of  their  interface  with  the  sound 
matrix,  the  presence  or  not  of  any  decohesion,  and  of  course,  their  dimension  and  orientation.  Their  occurrence 
rate  is  also  variable : 

<2.10-* /kg  for  hard  a 

<  4.10  7  /  kg  for  high  density  inclusion 

<  4.10  ■*/  kg  for  clean  void. 

Moreover,  non  destructive  inspections  directed  to  detect  them  (very  often  ultrasonic)  are  not  calibrated  “in 
absolute",  but  in  regards  of  internal  references  specific  to  each  technique :  for  example,  cylindrical  hole  with  flat 
bottom  perpendicular  or  parallel  with  the  ultrasonic  beam,  of  a  given  diameter. 

Consequently,  the  inspection  does  not  take  into  account  complelly  all  the  parameters  affecting  the  nocivity  of 
the  defects.  Even  on  the  simple  side  of  the  dimensions,  the  relations  between  the  “true"  physical  size  and  its 
“apparent  size"  during  ultrasonic  inspection  (resulting  of  the  comparison  between  defect  response  and  standard 
flat  bottom  hole)  is  far  to  be  evident,  as  shown  by  figure  12  l7l. 


Preclude  du  programme  d'amdlioration  du  conliole  titane  - 
L.  BEFFY,  G.  MANGENIT,  J  M.  THERET,  SNECMA  ■  Fdvrier  1991 . 
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In  (his  field,  as  for  detection  reliability,  the  development  of  signal  processing  techniques,  the  use  of  multi- 
transducers  systems,  etc...  let  hope  to  considerable  progress  during  the  next  decade. 


c)  Improi  ement  of  titanium  alloys  inspection 

In  order  to  answer  to  the  priority  on  titanium  alloys,  a  specific  improvement  plan  directed  towards  performances 
of  non-destructive  testing  has  to  be  pursued.  The  objectives  settled  down  concern : 

-  better  in  process  detection  of  hard  a, 

-  better  inspection  of  critical  Ti  parts,  whatever  process  used. 

At  short  term,  some  improvements  are  possible  by  using  best  stale  of  the  an  ultrasonic  techniques  available  : 
some  of  the  possibilities  have  already  been  mentioned  above  concerning  equipments  and  calibration,  but  are  far 
to  cover  all  potentialities.  For  example,  (he  present  status  of  titanium  inspection  reveals  that  two  causes  among 
others  limit  its  performance :  the  noise  level  generated  by  the  material  structure  and  the  curvilign  shape  of  the 
entry  surface.  Actions  have  been  undertaken  in  order  to  establish  the  correlation  between  billet  structure  and 
noise  level.  It  appears  that  there  is  a  strong  effect  of  texture  (arrangement  of  grains)  and  also  microstmclure. 
The  optimization  of  thermo-mechanical  processing  of  ingot  to  billet,  limitation  of  billet  size,  are  then  largely 
contributing  to  enhance  respectability.  Also,  in  order  to  avoid  any  dis torsion  of  the  focal  spot  in  the  billet  due 
to  the  curved  entry  surface,  the  use  of  bi- focal  transducers,  for  example,  is  capable,  as  shown  by  figure  13,  to 
improve  the  performance  of  detection  on  billet. 

The  combined  impact  of  these  actions  has  already  resulted  in  a  reduced  noise  level,  but  they  will  have  to  be 
continued  in  order  to  meet  FAA  recommendations. 


At  medium  term,  only  new  technologies  will  be  capable  to  bring  a  drastic  improvement  in  detection 
performance.  SNECMA  has  engaged  beginning  19C1,  an  important  two  yean  program  on  the  development  of  a 
new  technique :  “Tune  Reversal  Self  Focusing”  1*1.  Focusing  an  ultrasonic  wave  on  a  defect  of  unknown  ahape 
through  an  inhomogeneous  medium  of  any  geometrical  shape  is  a  challenge  in  non  destructive  testing.  The  use 
of  a  Time  Reversal  Mirror  (TRM)  represents  an  original  solution  to  this  problem.  It  realizes  in  real  lime  a 
foe uaing  process  matched  to  the  defect  shape  to  propagation  medium  and  to  the  geometries  of  the  mirror  and  of 
the  medium.  It  is  a  self-adaptation  technique  which  compensates  for  any  geometrical  distortions  of  the  mirror 
structure  as  well  at  for  distortions  due  to  the  propagation  through  inhomogeneous  media. 


A  Time  Reversal  Mirror  is  made  horn  a  2D  array  of  transmit-receive  transducers.  The  process  require  four  steps 
[Fig.  14].  The  fust  step  consists  in  transmitting  a  wave  front  from  the  liquid  towards  the  solid,  from  the 
transducer  array  to  the  unknown  target  The  target  generates  a  backscatlered  acoustic  field  that  propagates 
through  the  solid  and  is  distorted  by  refraction  through  the  solid-liquid  interface  (mode  conversions  can  occur 
and  me  involved  in  the  process).  The  second  step  is  the  recording  step ;  the  scattered  and  refracted  acoustic  field 
is  recorded  as  a  pressure  field  by  the  transducer  array.  In  the  third  step,  the  transducer  array  generates  on  its 
surface  the  time  reversed  field  (i.e.  the  field  is  retransmitted  in  a  reversal  temporal  chronology  :  last  in  -  first 
out).  This  pressure  field  back  propagates  through  the  liquid-solid  interface,  and  optimaly  focuses  on  die  defect 
inside  the  solid.  During  the  hut  step,  the  transducer  array  receives  the  acoustic  field  coming  from  the  defect 
which  can  be  delected  in  such  a  way.  Moreover,  in  case  of  multiple  targets,  the  process  is  capable  by  interactive 
mode  to  foe  use  on  the  most  reflective  one. 


1*1  Tima  Ravarssl  Msthod  to  improve  ultrasonic  hapection  of  titanium  slloyt  - 

Prof.  M.  FINK,  Diracteur  du  Labor  no  ire  Ondti  at  Acoustiqucs  da  PARIS  VII.  J-M.  THERET,  Manager,  Quality 
Technology  •  SNECMA. 
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A  128  chml  prototype  has  been  built.  Experiments  on  titanium  samples  containing  different  kinds  of  artificial 
defects  rod  induced  had  a  demonstrating  the  efficiency  of  the  technique,  are  in  progress  An  example  of  self- 
focusing  on  an  off-axis  (5  mm)  hard  a  in  Ti6-4  is  presented  in  figure  15. 
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•  Figure  IS  - 

The  goal  SNECMA  is  aiming  at.  is  to  be  able  to  detect  a  0.2  mm  EFBH  reflector  through  a  0.4  mm  EFBH 
noise  level,  achieving  a  mayor  technological  breakthrough  in  detection  performances. 
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4-  CONCLUSION 


Potentialities  exist  to  achieve  a  major  step  in  addressing  the  issue  of  safer  titanium  operations.  The  control  of 
metallurgical  and  mechanical  quality  resulting  of  melting  processes  has  made  significant  progress  during  the  pan 
decade,  due  to  more  appropriate  and  strict  quality  assurance  specifications.  New  melting  processes,  like  Cold  Hearth 
Melting,  wild  lead  to  further  improvements,  provided  they  will  not  be  plagued  by  new  specific  defects,  or  lack  of 
capability  resulting  of  off-nominal  conditions. 

Whatever  process  used,  an  efficient  filter  in  final  inspection  by  non-destructive  testing  will  remain  a  key  in  the 
control  of  defects.  Development  of  new  technologies,  such  as  a  “Time  Reversal  Self  Focusing",  at  SNECMA, 
may  bring  a  major  contribution  towards  that  goal,  opening  ability  to  act  both  as  a  tool  in  the  accession  to  process 
control  and  as  a  filter  of  “mechanically  inacceptable"  defect. 
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Laser  induced  ultrasonics  with  various  noncontacting  and  contacting  sensors  is  being 
developed  to  detect  defects  in  materials.  The  technique  is  being  evaluated  for  use  with  large, 
industnal  sized  metals,  such  as  ingots,  billets,  and  other  large  structures  common  to  Oregon 
metals  industry  to  detect  flaws  such  as  inclusions,  voids,  high  porosity,  shrink  pipe,  and 
other  irregularities.  This  NDT  inspection  would  normally  be  done  on  machined  surfaces  by 
C-Scan  ultrasonic  methods  in  water  or  by  labor  intensive  transducer  contact.  If  successful, 
the  laser  method  could  offer  significant  time  and  cost  savings  over  conventional  C-Scan  testing  by 
allowing  inspection  without  surface  machining  and  a  much  faster  scanning  rate.  Results 
indicated  that  strong  ultrasonic  stignals  can  be  induced  by  pulsed  laser  deposition  on  rough,  as- 
cast,  surfaces.  Signal-to-noise  ratio  was  quite  limiting  when  using  noncontact  optical  sensing 
techniques  but  was  considerably  improved  when  using  piezoelectric  pinducers  with  couplant 
on  the  rough  surfaces. 


Introduction 

Stress  waves  induced  by  a  pulsed  laser  interacting  with  a  material  surface  have  been  used  by 
the  first  author  (1-4)  and  others  (5-9)  in  material  behavior  applications  and  nondestructive 
testing  (NDT)  in  which  the  unique  noncontacting  feature  is  required  and/or  convenient. 
Totally  noncontact  testing  has  been  achieved  by  the  use  of  laser  interferometry  to  record  the 
response.(l)  Other  optical  methods  such  as  laser  speckle  interferometry  which  do  not  require 
a  specular  surface  might  also  be  of  interest.  (10)  Convenient  practical  application  could  be 
achieved  with  use  of  fiber  optics  or  a  rotating  mirror  for  directing  the  high  energy  and 
detection  laser  beams.  This  technique  should  be  easily  adapted  to  large  structures  which  may 
have  veiy  rough  surfaces  typical  of  as-cast  and  remelt  surfaces  without  major  difficulties. 
Laser  induced  ultrasonics  offer  some  key  advantages  over  conventional  methods  including 

1.  Large  stress  amplitude  of  very  short  duration 

2.  Remote  testing  convenient  for  severe  environment  and  toxic  samples 

3.  Test  time  is  only  a  few  microseconds 

4.  There  are  few  restrictions  on  specimen  size,  configuration 


*This  work  was  performed  as  part  of  the  Oregon  Metals  Initiative  Program  which  is  funded 
through  partnership  with  the  Oregon  Economic  Development  Department  and  Oregon 
Lottery,  the  U.S.  Bureau  of  Mines,  and  Oregon  metals  industries. 
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5.  Laser  excitation  conveniently  allows  for  point,  line,  or  distributed  acoustic  source 

6.  Simultaneous  generation  of  compressional,  shear,  and  surface  waves  is  possible 

7.  Rapid  scanning  of  the  specimen 

8.  Potentially  total  noncontact  NDT  using  interferometric  or  other  noncontact  sensing 

Body  and  surface  ultrasonic  waves  may  be  simultaneously  generated  by  pulsed  laser 
deposition  permitting  inspection  for  either  surface  cracks  and  irregularities  or  subsurface 
flaws.  Signal  filtering  to  emphasize  the  desired  signal  will  probably  be  necessary. 
Alternately,  studies  are  currently  underway  to  enhance  the  desired  wave  type  needed 
(11-13). 

A  recent  literature  review  has  shown  that  significant  research  on  laser  generated  ultrasonics 
and  detection  is  currently  being  done  by  Wagner  and  Green  at  the  NDE  Center  at  John 
Hopkins  University  (13,  14),  at  Texas  A  &  M  University  by  Burger  (IS,  16),  by  researchers 
at  the  University  of  Hull  in  England  (17,  18),  at  the  Georgia  Institute  of  Technology  (11), 
and  by  Monchalin  and  co-workers  ath  the  Industrial  Materials  Research  Institute  in  Canada 
(19,20). 


Methodology 

Research  was  conducted  using  facilities  of  the  Department  of  Mechanical  Engineering  at 
Oregon  State  University.  A  Holobeam  ruby  laser,  Q-pulsed  with  a  Pocket's  cell,  produced 
light  energy  pulses  up  to  2  Joules  at  about  30  ns  duration.  Alignment  and  interferometry 
were  accomplished  with  a  Hughes  S  mW  helium-neon  and  a  Lexel  1  Watt  argon  ion  laser. 
Transient  data  were  recorded  with  a  variety  of  analog  and  digital  oscilloscopes  with 
maximum  bandwidth  up  to  130  MHz.  All  tests  were  conducted  at  energy  levels  sufficient  to 
induce  the  ablative  mode  of  ultrasonics  as  opposed  to  purely  therm oeleas tic  generation. 

Figure  1  shows  schematic  of  the  test  arrangement  using  interferometry  for  sensing  laser 
induced,  ablation  mode  ultrasonic  disturbances  and  Fig.  2  illustrates  data  acquisition 
instrumentation  used  for  all  work. 


Figure  1  -  Laser  induced  ultrasonics  using  interferometry  sensing. 


Figure  2  -  Data  acquisition  arrangement. 
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Initial  testing  was  done  with  aluminum  samples  followed  by  work  with  laser  induced 
ultrasonics  in  titanium,  zirconium  and  other  metals  of  interest  with  samples  reaching 
dimensions  up  to  27  inches.  Michelson  interferometry  and  piezoelectric  pinducers  were 
normally  used  as  sensors  with  extensive  studies  carried  out  separately  to  explore  various 
noncontacting  optical  techniques,  particularly  speckle  interferometry.  Wavelength 
(frequency)  was  typically  determined  along  with  propagation  distances.  Both  spot  and  line 
focusing  of  the  Q-pulsed  ruby  laser  was  employed  using  convex  and  cylindrical  lenses, 
respectively.  Tests  were  conducted  to  study  both  propagation  of  body  and  surface  waves. 

Laser  Generated  Ultrasonics  Using  Rough  Metal  Surfaces 

Field  application  taking  advantage  of  laser  generated  ultrasonics  will  require  suitable 
ultrasonic  wave  generation  on  rough  surfaces  such  as  found  with  remelt  ingots  and  as-cast 
surfaces  where  roughness  can  exceed  1  mm.  Considerable  effort  was  expended  to  evaluate 
laser  ultrasonics  in  samples  having  rough  to  extremely  rough  surfaces  as  obtained  from 
industry.  Various  optical,  noncontacting,  sensing  means  were  studied  including  Michelson 
and  speckle  interferometry.  These  require  a  specular  or  reasonably  smooth  surfaces  to  give 
good  signal  to  noise  output  and  are  tedious  to  set  up.  As  a  contacting  alternative  sensor, 
piezoelectric  contact  transducers  called  "pinducers*  were  studied  and  appear  adaptable  to 
rough  surfaces  and  in-the-field  measurements.  Test  results  follow  for  individual  studies 
completed  to  date. 

Laser  Induced  Pulse  Shape 

The  shape  of  the  pressure  pulse  induced  by  laser  deposition  was  studied  by  using  a  shock 
wave  piezoelectric  transducer  with  a  1/4’  aluminum  plate.  This  arrangement  is  capable  of 
recording  the  actual  time  history  of  the  ultrasonic  pressure  pulse  as  it  is  initiated  by  surface 
ablation.  With  propagation,  the  pulse  begins  to  break  up  due  to  many  influences  including 
edge  effects,  grain  structure,  voids  and  inclusions,  interaction  with  reflected  waves,  etc.  The 
results  of  this  simple  test  aie  shown  in  Fig.  3  and  illustrate  the  clean,  smooth  shape  of  the 
initial  disturbance. 
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Figure  3  -  Initial  shape  of  laser  induced  stress  pulse. 


An  experiment  conducted  on  an  aluminum  block  showed  that  a  line  deposition  source 
produced  clear  ultrasonic  signals  travelling  at  longitudinal,  shear,  and  surface  (Rayleigh) 
wave  velocities.  The  results  of  this  experiment  are  shown  in  Fig.  4  where  the  line  deposition 


Figure  4  -  Laser  Induced  Ultrasonics  in  aluminum  block. 
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and  the  Michelson  interferometer  sensing  spot  are  on  adjacent  faces  of  the  block.  The  trace 
shows  the  fiducial  F  at  the  time  of  laser  firing  followed  by  clear  signal  arrivals  for  the 
longitudinal  wave  L  and  the  shear  wave  S  travelling  from  A  to  B,  for  the  surface  wave  S 
travelling  across  the  comer  from  A  to  C  to  B,  and  a  reflected  shear  wave  Sr  travelling  from 
A  to  D  and  reflecting  to  D. 


Michelson  interferometry  was  used  to  monitor  laser  induced  ultrasonics  in  titanium  alloy 
block  and  long  rods  with  machined  surfaces.  The  longitudinal  wave  arrival  was  clearly 
observed  in  the  block  at  6.67  psec  after  the  laser  firing  naucial  as  shown  in  Fig.  5.  Laser 
deposition  on  the  end  of  two  titanium  alloy  rods  also  produced  clear  longitudinal  signals 
which  are  shown  in  Fig.  6  for  one  rod. 


Figure  5  -  P-wave  in  titanium  block.  Figure  6  -  P-wave  induced  in  titanium  rod. 


As  known  from  the  Hughes  method  of  ultrasonics  in  rods,  the  longitudinal  signal  in  the  rod  is 
followed  by  successive  signals  arriving  at  times  related  to  the  shear  wave  velocity  in  the 
material.  This  information  is  sufficient  to  evaluate  the  elastic  constants  of  the  materia)  which 
was  done  for  each  titanium  rod  using  laser  ultrasonics  and  conventional  ultrasonics.  Results 
compared  favorably  with  typical  published  values  (see  Table  1). 


Table  I  Elastic  constants  of  titanium  evaluated  by  laser  ultrasonics, 

conventional  ultrasonics,  and  compared  with  published  values. 
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Laser  induced  ultrasonic  pulses  were  studied  using  as-cast  surfaces  from  a  titanium  billet 
about  4  inches  in  diameter  and  a  56  lb  remelt  segment  of  zirconium.  The  titanium  billet 
surface  was  reasonably  smooth  but  the  zirconium  had  extremely  rough  surfaces  in  some 
locations.  Measurements  of  laser-induced  ultrasonic  pulses  was  monitored  in  both  specimens 
using  a  piezoelectric  pinducer  in  contact  with  the  rough  surface.  A  drop  of  oil  was  applied 
for  couplant.  While  stronger  signals  were  obtained  in  the  titanium,  clear  arrival  and 
reflection  from  the  far  surface  of  the  dilatational  wave  was  found  in  both  samples. 

The  pitch-catch  approach  was  used  and  in  some  cases  it  was  possible  to  also  detect  arrivals  of 
shear  and  surface  (Rayleigh)  waves,  especially  in  the  titanium  with  its  smoother  surface. 
Measurable  signals  were  propagated  up  to  5  inches  in  zirconium  and  over  20  inches  in 
titanium.  A  raw  data  trace  is  shown  in  Fig.  7  for  laser  induced  ultrasonics  traveling  across 
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Figure  7  -  Laser  ultrasonics  induced  in  4-inch  diameter  titanium  billet. 

the  4  inch  diameter  of  the  titanium  billet.  The  successive  signals  show  the  first  arrival  of  the 
dilatation  (compressive)  pulse  (D),  a  small  shear  wave  signal  (S),  a  strong  reflected  dilatation 
(RDi),  and  a  strong  second  reflection  (RD2)  where  the  disturbance  has  now  traveled  five 
diameters  or  about  20  inches.  Times  are  given  in  microseconds. 

The  piezoelectric  pinducer,  while  a  contacting  transducer,  shows  promise  for  field 
application.  Its  small  diameter,  less  than  0. 1  inch,  makes  its  use  with  rough  surfaces  more 
feasible  than  conventional  ultrasonic  transducers  and  sensitivity  is  about  the  same.  Good 
signals  were  achieved  with  minimal  attention  to  alignment  of  the  pinducer  to  the  surface  and 
to  coupling. 

Use  of  Piezoelectric  Pinducer  Sensor  with  Rough  Surface 

The  piezoelectric  pin  transducer  (or  pinducer)  as  available  off-the-shelf  from  Valpey-Fisher, 
was  tested  as  an  alternative  to  the  Michelson  interferometer  which  seems  to  require 
moderately  smooth  surfaces  for  adequate  signal  to  noise  ratio.  The  outside  diameter  of  the 
pinducer  is  about  Smm  with  a  2  mm  diameter,  1  MHz  piezoelectric  crystal.  The  small 
diameter  permits  its  use  with  fairly  rough  surfaces  when  a  couplant  is  used.  To  test  the 
pinducer,  a  50  mm  diameter  aluminum  disk  with  smooth  sides  was  used  with  pulsed  laser 
deposition  on  one  side  and  pinducer  sensing  on  the  opposite  side. 

Many  tests  showed  the  pinducer  to  give  strong,  repeatable  signals.  To  check  a  worse  case 
application,  a  small  gap  (0.2-0.4mm)  between  the  pinducer  and  specimen  was  intentionally 
set  and  couplant  was  applied.  The  signal  was  somewhat  weaker  than  for  good  contact  but 
signals  were  still  clear  enough  for  the  accurate  determination  of  wave  arrivd  time.  Without 
couplant,  in  any  case,  the  signal  was  very  weak  and  unacceptable.  When  couplant  is  used, 
the  pinducer  appears  to  be  a  suitable  sensor  for  even  very  rough  and  curved  surfaces. 

Pulse-Echo  Approach  Using  Pinducer  and  Digital  Signal  Processing 

Effective  ultrasonic  NDT  often  employs  the  pitch-echo  method  in  which  the  wave  generation 
and  detection  are  done  on  the  same  surface  of  specimen.  In  this  approach,  the  flaw  depth 
from  the  surface  can  be  calculated  using  the  known  speed  of  wave  propagation  and  the  flight 
time  of  the  wave  reflected  from  the  flaw.  In  Fig.  8,  the  schematic  diagram  is  shown  of  a 
pulse-echo  test  using  laser  ultrasonics  and  the  pinducer  sensor.  An  artificial  flaw,  consisting 
of  a  threaded  screw  hole  of  5  mm  diameter,  is  located  12.4  mm  below  the  surface.  The  laser 
was  focused  to  a  surface  point  of  about  1-2  mm  diameter  by  an  optical  lens  at  the  center  line 
of  the  artificial  flaw.  The  horizontal  distance  of  the  pinducer  from  the  flaw  center  line  was 
varied  for  each  test.  When  the  pinducer  was  located  5mm  from  the  laser  beam,  the  reflected 
dilatational  wave  was  found  to  have  higher  frequency  content  compared  with  the  much 
stronger,  superposed  surface  wave  and  could  be  easily  detected  m  spite  of  its  small 
amplitude.  Following  the  surface  wave  were  many  reflected  waves  and  noise. 
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Figure  8  -  Schematic  for  pulse-echo  testing  using  pinducer. 

Wave  signals  in  the  time  domain  are  often  noisy  and  superposed  leading  to  difficulties  in 
detecting  reflected  signals  from  a  flaw.  Spectrum  analysis  can  provide  useful  information 
about  the  frequency  characteristic  of  the  obtained  signal.  Also,  the  desired  wave  can  be 
enhanced  by  filtering  noise  and  undesired  frequency  components.  A  digital  filtering  program 
with  low,  high,  and  band  pass  filtering  capability  was  developed  for  this  purpose.  If  a  wave 
reflected  from  flaw  has  a  specific  frequency,  band  pass  filtering  could  provide  a  powerful 
tool  for  flaw  detection.  Figure  9  shows  an  example  of  band  pass  filtering  of  the  signal  for 
the  configuration  shown  in  Figure  8  where  the  pinducer  is  spaced  5  mm  from  tne  laser 
deposition  area.  The  high  frequency  content  of  the  flaw-reflected  dilatation  is  enhanced 
while  the  lower  frequency  surface  waves  have  been  filtered  out. 


Figure  9  -  Original  signal  with  filtered  signal  enhancing  reflected  wave, 
taiicr  Ultrasonic  Generation  in  Rcmdt  Zirconium  Surface 

Figure  10  shows  test  schematic  for  57  lb  section  of  zirconium  remelt  with  the  original  rough 
surface  and  a  machined  portion.  This  test  was  conducted  to  determine  effect  of  a  very  rough 


Figure  10  -  Schematic  of  zirconium  segment  sample  having  original, 
rough  and  machined  surfaces  for  laser  deposition. 
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meta]  surface  on  ultrasonic  generation.  The  laser  deposition  was  focused  to  about  1  mm 
diameter  to  get  sharper,  stronger  signals.  A  comparison  of  the  signals  from  laser  deposition 
on  the  original  remelt  and  the  machined  surfaces  showed  very  little  difference.  The  degree 
of  surface  roughness,  however,  was  found  to  change  significantly  along  the  surface.  In  the 
extreme  case,  voids  just  under  the  surface  prevented  generation  of  ultrasonic  waves. 
Therefore,  such  surfaces  would  not  be  amenable  to  ultrasonic  testing  by  any  means. 


CONCLUSIONS 

This  study  has  shown  that  ultrasonic  waves  suitable  for  non-destructive  evaluation  can  be 
conveniently  generated  in  rough  metal  surfaces  common  to  the  Oregon  metals  industry. 
Compressive  dilatational,  shear,  and  surface  waves  were  all  clearly  induced.  While  laser 
deposition  conditions  can  be  varied  to  emphasize  each  mode,  digital  filtering  appears  to  be 
necessary  to  separate  out  the  desired  information.  Michelson  interferometry  offers 
noncontact  sensing  of  ultrasonic  displacements  but  does  not  appear  suitable  for  field 
application  due  to  stringent  requirements  on  the  surface  condition.  Speckle  interferometry 
snows  greater  promise  but  signal-to-noise  output  needs  to  be  enhanced.  While  requiring 
contact,  piezoelectric  "pinducers"  look  very  promising  for  convenient  field  application  with 
their  high  signal  sensitivity  and  very  small  contact  area. 
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Abstract 

Recent  efforts  to  develop  a  quantitative  relationship  between  backscattered  ultrasonic 
noise,  the  parameters  of  an  ultrasonic  measurement  system  and  the  microstructure  of  a 
material  are  reported.  Included  is  the  derivation  of  a  genera)  model  and  its  reduction  to 
computation  for  the  absolute  level  of  the  noise  signals.  Experimental  tests  of  the  model’s 
ability  to  predict  (1)  the  absolute  signal  levels  in  alloys  of  simple  microstructure  and  (2)  the 
general  dependence  of  the  signals  on  measurement  parameters  in  alloys  of  more  complex 
microstructure  are  presented.  Included  is  a  discussion  of  the  use  of  the  model  to  predict 
the  detectability  of  small  flaws  such  as  hard-alpha  inclusions. 


Introduction 

Ultrasonic  backscattering  noise,  associated  with  reflections  from  microstructural 
inhomogeneities,  can  impose  a  fundamental  limitation  on  the  ability  to  detect  small  flaws  in 
structural  alloys.  This  problem  is  of  particular  importance  in  commercial  titanium  alloys, 
since  (1)  the  two-phase  structure  can  lead  to  noise  that  is  both  large  and  highly  anisotropic 
and  (2)  some  important  classes  of  defects,  e.g.,  hard-alpha  inclusions,  have  very  weak 
reflectivities.  However,  there  does  not  presently  exist  a  quantitative  understanding  of  the 
relationship  of  the  microstructure  to  the  noise.  Such  knowledge  would  be  of  interest  in 
both  predicting  the  detectability  of  flaws  in  components  with  particular  microstructures  and 
in  designing  microstructures  which  would  minimize  that  noise.  This  paper  summarizes 
recent  progress  in  the  development  of  a  theory  that  would  predict  these  noise  relationships 
and  presents  an  example  of  its  use  in  assessing  flaw  detectability. 


The  Noise  Model 

A  model  has  been  developed  which  predicts  the  rms  noise  level  in  terms  of  a  material 
figure-of-merit  (FOM),  which  is  uniquely  determined  by  the  microstructure  of  an  alloy. 

Tne  noise  model  has  two  parts,  one  which  relates  the  microstructure  to  the  FOM  and  one 
which  relates  the  FOM  to  the  noise  signals  that  would  be  observed  in  the  laboratory  with  a 
particular  measurement  system.  Models  for  each  are  described  below. 

A  phenomenological  model  has  been  developed  to  predict  the  backscattered  noise  level  for 
tone  burst  measurements  in  polycrystals  (3,2).  This  independent  scattering  model  (ISM) 
assumes  that  the  power  scattered  from  individual  grains  can  be  added  to  determine  the 
total  backscattered  power,  i.e.  the  scattering  is  assumed  to  be  incoherent.  A  measurement 
model  [3]  is  utilized  to  quantify  the  relative  contributions  of  the  parameters  of  the 
measurement  system  and  of  the  microstructure.  The  result  is  the  following  relationship  for 
the  backscattered  noise  seen  at  time  t  in  a  pulse-echo,  tone-burst  immersion  experiment: 
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Here  N(t)  is  the  rms  backscattered  noise  (averaged  over  transducer  location  above  the 
specimen),  normalized  by  the  amplitude  of  a  front  surface  reference  signal,  n  is  the 
number  of  grains  per  cubic  centimeter  and  I  A  |is  the  rms  average  scattering  amplitude  for 
backscatter  from  a  single  grain  at  the  inspection  frequency  (A  will  be  defined  in  more  detail 
below),  p ,  v ,  a  and  k  are  respectively  density,  velocity,  attenuation,  and  wave  number, 
with  subscript  "o"  referring  to  water  and  "1"  referring  to  solid;  T„,  and  R„.  are  liquid-solid 
transmission  and  reflection  coefficients,  respectively,  a  is  the  transducer  radius,  D  is  a 
diffraction  coefficient  (related  to  beam  spread)  in  the  reference  experiment,  and 
C(x.y.z)  is  a  normalized  beam  displacement  amplitude.  For  the  front-surface  reference 
signal,  E(t)  is  the  envelope  of  the  tone  burst,  and  has  maximum  amplitude  Emai.  Z„  and 
Z„  are  the  water  path  lengths  in  the  reference  and  noise  experiments,  respectively.  The 
integration  is  performed  over  the  volume  of  the  solid.  Here  t0  is  a  function  of  depth  within 
the  solid,  and  represents  the  time  delay  between  the  reference  signal  and  the  noise  signal 
scattered  from  a  grain  at  depth  z. 


Equation  (1)  contains  two  factors.  The  microstructure  is  found  to  be  characterized  by  a 
figure-of-merit  (FOM)  given,  for  a  single-phased  microstructure,  by  the  quantity  n 1  n  |  A  | , 
where  I  A  I  is  the  rms  scattering  amplitude  of  a  grain  embedded  in  an  effective  medium. 
The  scattering  amplitude,  A,  is  a  fundamental  quantity  in  elastic  wave  scattering  theoiy;  it 
relates  the  amplitude  of  a  spherically  scattered  wave  to  the  properties  of  a  discontinuity, 
which  is  assumed  to  be  illuminated  by  a  plane  wave  of  unit  amplitude  (4).  When  the  rms 
average  of  the  scattering  amplitude  is  evaluated  for  single-phase  microstructures  based  on 
a  related  but  more  formally  rigorous  model  valid  only  for  plane  waves,  one  finds  that  for 
hexagonal  crystallites  [5]. 
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with  Cjj  being  an  element  of  the  elastic  stiffness  matrix  of  the  crystallites.  The  same 
expression  holds  for  the  case  of  cubic  symmetry,  with  c  13  -  c  ,2  ,  and  c33  -  c  N  .  Above,  V 
denotes  the  volume  of  a  scatterer,  and  <...>  denotes  the  ensemble  average.  The  frequency 
is  denoted  by  /,  while  v, , and  are  the  longitudinal  wave  velocity  and  the  two  Lame 
parameters  of  the  effective  medium  that  is  obtained  from  (the  density  and)  the  Voigt 
average  of  the  elastic  constants.  It  is  thus  possible  to  directly  predict  the  FOM  given  the 
metalloKraphic  determination  of  the  grain  size  distribution  and  knowledge  of  the  single 
crystal  elastic  constants  of  the  material,  which  can  often  be  found  in  the  literature. 

The  remaining  factor  of  Eq.  (1),  with  the  exception  of  the  attenuation  constant  a , ,  is 
essentially  independent  of  microstructure  and  depends  on  the  details  of  the  measurement 
system.  The  primary  dependence  is  on  the  beam  pattern  of  the  transducer  which  enters 
through  the  factor  of  C*  in  the  integrand.  This  is  computed  using  the  Gauss-Hermite  beam 
modeI{6,7). 
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The  ability  of  the  model  to  predict  absolute  noise  levels  for  fine-grained  specimens  (2)  is 
demonstrated  in  Figure  1.  In  the  top  portion  of  that  figure,  we  display  five  rms  noise 
functions  observed  in  a  single  Ti-6%  Al-2%  Sn-4%  Zn-6%  Mo  specimen.  Five 
experimental  trials  were  conducted,  each  using  a  different  transducer  excited  with  a 
1  -  psec  duration  15-MHz  tone-burst.  Three  of  the  transducers  were  focussed  and  two 
were  planar.  In  the  bottom  portion  of  Figure  1  we  display  the  rms  noise  functions  predicted 
by  the  ISM  for  the  five  experimental  trials.  (The  model  results  assume  a  value  of  0.06 
crn'l/Z  for  the  specimen's  FOM  at  15  MHz,  with  the  value  being  chosen  to  give  best  fit). 
The  overall  level  of  agreement  between  the  measured  and  predicted  noise  levels  in  Figure 
1  is  striking. 
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Figure  1.  Measured  (a)  and  predicted  (b)  normalized  rms  grain  noise  curves  for  one 
Ti-6246  specimen.  Five  experimental  trials  were  performed  using  five  different 
transducers. 

For  a  given  specimen,  the  FOM  can  be  deduced  from  an  experimental  N(t)  curve  by 
dividing  the  observed  noise  by  model  values  of  those  factors  which  lie  to  the  right  of  \fn  \  A  \ 
in  Eq.  (1).  Since  the  FOM  depends  only  upon  the  microstructure  of  the  specimen,  the 
quotient  should  be  independent  of  time,  and  independent  of  the  particulars  of  the 
measurement  system.  In  Figure  2,  we  display  the  FOM  values  for  the  Ti-6246  specimen, 
deduced  from  the  measured  noise  data  of  Figure  1.  The  scatter  in  the  deduced  FOM 
values  is  seen  to  be  dramatically  less  than  the  variations  in  the  raw  noise  curves,  suggesting 
that,  to  first  order ,  the  ISM  is  correct  and  the  FOM  is  a  material  property.  It  should  be 
noted,  however,  that  in  strongly  attenuating  samples  the  fit  is  not  as  good,  presumably  due 
to  multiple  scattering  effects.  Further  work  is  required  to  complete  our  understanding  of 
such  cases. 
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Figure  2.  FOM  at  15  MHz  for  the  Ti-6246  specimen  of  Figure  1 .  The  FOM  has  been 
inferred  from  the  noise  data  by  using  the  ISM  (Eq.  1)  to  remove  the  influence  of  the 
measurement  apparatus. 

Given  this  direct  measurement  of  the  FOM,  the  next  step  in  model  validation  is  to  compare 
the  ultrasonically  determined  values  to  values  obtained  independently.  For  this 
comparison,  we  nave  chosen  to  make  measurements  on  samples  of  randomly  oriented, 
single-phased,  equiaxed  microstructures.  These  samples  include  a  specimen  of 
alpna-titanium  produced  using  powder  metallurgical  techniques  [8],  a  sample  of  304  cast 
stainless  steel,  and  a  sample  of  commercially  pure  copper.  For  each  of  these  samples,  the 
average  grain  size  was  determined  by  standard  metallographic  analysis. 

Table  I  presents  the  results  of  a  comparison  of  the  FOM  values  determined  by  ultrasonic 
noise  measurements  and  by  metallographic  analysis  [9],  The  fourth  column  gives  the  FOM 
as  predicted  from  Eq.  (2),  while  the  fifth  column  presents  the  value  inferred  from  the 
ultrasonic  experiments  and  Eq.  (1).  Where  a  range  of  values  is  indicated  for  the 
metallographic  FOM,  this  range  is  a  result  of  the  uncertainty  in  the  mean  grain  size  inferred 

Table  I.  Comparison  of  FOM  Values  Obtained  from  Ultrasonic  Experiment  and 
Metallographic  Analysis. 


Material 

Frequency 

(MHZ) 

Grain 

Diameter 

(Microns) 

Metallographic 

FOM 

(cm-l/2) 

Ultrasonic 

FOM 

(cm-*/2) 

a-Titanium 

15 

64-112 

0.021  -  0.048 

0.035  -  0.042 

304-Stainless 

5 

-  100 

-0.021 

0.032  -  0.038 

Copper 

5 

150-  300 

0.044  -  0.124 

0.06  -  0.08 

from  micrographs.  The  range  of  values  for  the  ultrasonically  determined  FOM  arises  from 
the  fact  that,  in  practice,  the  deduced  FOM  is  weakly  dependent  on  the  time  (or  depth)  at 
which  the  rms  noise  data  is  analyzed.  Given  these  variabilities,  the  agreement  in  Table  I  is 
believed  to  be  quite  good,  particularly  in  light  of  the  fact  that  there  are  no  adjustable 
parameters  involved. 

Although  requiring  more  extensive  validation,  these  results  suggest  that  it  is  possible  to 
predict  the  FOM  for  simple  microstructures  from  first  principles. 
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The  next  step  is  to  consider  the  two-phased  alloys  that  are  used  in  actual  engines.  The 
theory  is  not  presently  available  to  predict  the  FOM’s  from  first  principles.  However,  some 
ultrasonic  measurements  of  these  parameters  have  been  performed  for  commercial  alloys 
with  very  interesting  results.  The  particular  set  of  samples  studied  in  detail  were  fabricated 
from  Ti-6%  Al-2%  Sn-4%  Zr-6%  Mo  as  part  of  an  Air  Force  manufacturing  technology 
program  [10].  The  starting  point  was  VAR  melted  material,  processed  to  an  equiaxed 
alpha-beta  microstructure  at  6-inch  diameter  billet.  Further  heat  treatment  utilized  to 
modify  the  microstructure  is  summarized  in  Table  II.  Note  that  the  beta  transus  for  this 
alloy  is  1775°  F,  so  that  the  first  3  samples  were  annealed  below  the  beta  transus  while  the 
fourth  was  annealed  above  the  beta  transus. 


Table  II.  Further  Heat  Treatment  of  Ti-6246  Specimens. 


Specimen 

Anneal 

Temp. 

Anneal 

Time 

Cooling 

Method 

A1 

1670°F 

1  Hr. 

Air  Cool 

A2 

1745°F 

1  Hr. 

Air  Cool 

B2 

1745°F 

8  Hr. 

Water  Quench 

Cl 

1795"F 

1  Hr. 

Air  Cool 

(Beta  transus  =  1775°F) 

Backscattered  grain  noise  measurements  at  15  MHz  were  made  through  three  orthogonal 
faces  of  each  specimen,  and  the  noise  data  for  each  propagation  direction  was  analyzed  to 
extract  the  ultrasonic  FOM  [2].  The  results  are  summarized  in  Figure  3  [91.  It  is  interesting 
to  note  that  the  sample  processed  above  the  beta  transus  had  similar  FOM  values  in  each 
direction,  while  those  processed  below  the  beta  transus  exhibited  considerable  anisotropy, 
with  the  lowest  values  being  obtained  when  the  ultrasonic  waves  propagated  along  the  axis 
of  the  billet.  The  origin  of  this  anisotropy  has  not  yet  been  fully  identified.  Micrographs 
indicate  that  the  microstructure  in  the  three  orthogonal  directions  are  quite  similar,  as 
shown  in  Figure  4.  However,  macrographs  illustrate  considerable  anisotropy,  with  highly 
elongated  regions  being  the  dominant  feature.  The  maximum  noise  signals  occur  when 
these  macrostructural  elements  present  the  largest  area  to  the  ultrasonic  beam,  as  will  be 
discussed  in  detail  in  a  subsequent  publication. 


«  *»  n  w  «  N  w  n 
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Figure  3.  Figure-of-Merit  for  Grain  Noise  Severity.  Values  at  15  MHz  for  Four  Ti-6246 
specimens. 
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Figure  4.  Micrographs  of  3  orthogonal  faces  of  Ti-6246  specimen  A2. 

Flaw  Signal  Models 

Models  are  also  available  to  predict  the  strengths  of  signals  reflected  from  particular  flaws, 
again  as  influenced  by  the  parameters  of  the  measurement  system.  Space  constraints 
preclude  elaboration  on  such  models.  However,  it  can  be  noted  that  important  input 
parameters  are  the  estimates  of  the  size,  shape  and  properties  of  the  flaw.  Particular 
attention  has  been  placed  on  the  case  of  hard-alpha  inclusions  [2,1 1]. 

Detectability  Predictions 

With  techniques  in  place  to  predict  the  absolute  values  of  the  defect  signals  and  the  rms 
noise,  it  becomes  possible  to  make  quantitative  predictions  of  the  signal-to-noise  ratios,  an 
important  step  towards  the  development  of  a  fully  engineered  detection  capability.  To 
illustrate  this  possibility,  a  series  of  calculations  has  been  made  [2].  In  these  simulations, 
three  types  of  reflectors  were  compared;  a  flat  crack  oriented  perpendicular  to  the  beam,  a 
spherical  void,  and  a  spherical  hard-alpha  inclusion.  The  latter  was  assumed  to  have 
ultrasonic  wave  speeds  that  were  8%  greater  than  those  of  the  titanium-alloy  matrix  and  a 
density  thatwas  1%  less.  Predictions  were  made  for  two  materials.  One  had  a  FOM  of 
0.080  cm'*'2  at  15  MHz,  and  the  other  had  a  FOM  of  0.008  cm"  1/2.  These  values  were 
chosen  to  approximate  the  extremes  of  the  FOM  values  observed  in  the  four  Ti-6246 
specimens  discussed  in  Fig.  3.  In  Figure  5,  the  performances  that  would  be  expected  using 
a  focussed  probe  and  an  unfocussea  probe  of  similar  diameter  are  compared.  The  20  dB 
improvement  offered  by  focussing  for  this  particular  case  is  clearly  evident.  Note,  however, 
that  the  beam  has  been  assumed  to  be  focussed  on  the  flaw  rather  than  on  the  surface  of 
the  part,  in  contrast  to  a  common  industrial  practice.  Figure  6  compares  the  reflectivity  of 
the  three  flaw  types  at  15  MHz.  The  crack  and  the  pore  are  seen  to  produce  backscattered 
signals  of  comparable  amplitude,  with  the  signal  from  the  hypothesized  hard-alpha 
inclusion  being  lower  by  about  40dB.  Finally,  Figure  7  compares  the  detectability  of  the 
hypothesized  hard-alpha  inclusion  in  the  two  materials  with  differing  noise  levels  when  the 
focussed  probe  is  used.  Whereas  a  lOdB  signal-to-noise  ratio  is  reached  at  a  radius  of  0.3 
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mm  in  the  low-noise  alloy,  it  has  not  been  reached  for  radii  as  large  as  1  cm  in  the 
high-noise  alloy.  Such  calculations  provide  a  means  of  quantitatively  predicting  the  effects 
ofmicrostructure  on  flaw  detectability. 


Flaw  Radius  (cm) 


Flaw  Radius  (cm) 


Figure  5.  Comparison  of  detection  of 
hypothetical  hard-alpha  inclusion  using 
focussed  and  planar  probes  in 
high-noise,  Ti-6246  alloy  (15  MHz, 
1-psecond  toneburst).  Each 
transducer  has  a  0.5"  diameter;  the 
focussed  probe  has  a  focal  length  in 
water  of  3". 


Figure  6.Comparison  of  the 
detection  of  three  classes  of 
inclusions  with  the  focussed  probe 
(15  MHz,  1-psecond 
toneburst). 


Figure  7.  Comparison  of  the  detectability  of  a  hypothetical  hard-alpha  inclusion  in  two 
alloys  with  differing  levels  of  microstructural  noise  (15  MHz,  1 -psecond  toneburst).  ^ 

Conclusions 

In  our  investigation  of  backscattered  noise,  we  have  defined  a  figure-of-merit  (FOM)  for 
inherent  noise  severity,  and  shown  how  this  material  property  may  be  extracted  from 
measured  noise  data.  For  single-phase  metal  specimens,  including  alpha-titanium,  we  have 
demonstrated  that  the  extracted  FOM  is  in  good  agreement  with  the  value  expected  from  a 
first-principals  model  calculation.  We  have  also  demonstrated  that  the  rms  noise  level 
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observed  in  a  given  inspection  senario  can  be  accurately  predicted  if  the  specimen's  FOM  is 
known.  Finalty,  we  have  carried  out  illustrative  calculations  of  signal-to-noise  ratios  for 
hypothesized  hard-alpha  inclusions  in  titanium  specimens. 
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Abitract 

Major  daatgei  on  titaniua  condenaer  tube  for  power  plant  are  defecta 
occurred  in  tube  aanufacturing  process ,  vibration  crack,  ateaa-aide  droplet 
erosion  and  others.  Visual  inspection  (VT)  and  Bddy  Current  Teat  ( BCT) 
are  frequently  applied  Non-Destructive  Bxaaination  (NDB)  Methods  for  the 
daaages,  but  specific  VT  and  BCT  Methods  under  the  Moat  suitable  condition 
should  be  selected  for  each  different  daMage  fora  to  obtain  More  detail 
inforaation  of  the  tube.  This  paper  introduces  special  NDB  techniques  we 
usually  apply  and  these  features  to  confira  the  titaniua  tube  daaages  of 
power  plant  ateaa  condenser. 


IntHMctipn 

In  recent  years,  thin  titaniua  tubes  have  been  eaployed  for  Bain  ateaa 
condenser  in  the  aost  of  nuclear  and  large  capacity  fossil  power  plants. 
The  titaniua  tubes  are  always  exposed  in  sea  water  directly,  but  we  have 
not  received  a  report  about  any  corrosion  daaage  of  the  inside  surface  of 
the  tube,  because  of  its  good  corrosion  resistant  property. 

As  conventional  daaages  of  titaniua  tube,  soae  kinds  of  weld  defect 
generated  in  the  longitudinal  welding  process  and  vibration  crack  in 
operation  have  been  reported,  and  soae  counteraeasures  for  such  defects 

have  been  considered.  Steaa  side  droplet  erosion,  that  was  reported  for 

last  few  years,  is  occurred  on  the  tube  outside  surface.  This  type  of 

erosion  was  often  appeared  in  the  nuclear  plants  that  use  copper  alloy 

tube,  but  the  problea  on  copper  alloy  tube  is  not  so  Major  until  now 
because  copper  alloy  tube  is  rather  thick  than  aost  of  the  titaniua 
condenser  tube.  However,  steaa  erosion  is  serious  problea  for  the 

titaniua  tube  having  very  thin  wall  thickness. 

Heavily  attacked  tubes  are  soaetiaes  attended  with  aany  isolated  deep 
pores,  and  finally,  .the  daaaged  tubes  aay  be  renewed  according  to  the 
erosion  condition.  In  this  esse,  aany  tube  holes  of  support  plate  should 
be  inspected  to  detect  and  reaove  hazardous  notch  and  rust  so  as  not  to 
injure  the  new  tubes . 
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Titaniua  tube!  used  for  a  steaa  condemer  in  power  plant*  are  normally 
welded  type  thin  tube*  (O.S  -  0  7m),  and  defect*  occurred  in  the 
■anufacturing  process  soaetiaes  give  a  fatal  daaage.  Aa  such  the 
defects,  weld  defects  (rounded  porosity,  slug  inclusion,  piping,  incoaplete 
penetration,  etc.),  aaterial  defects  and  physical  defects  in  the 
aanufacturing  process  are  considered,  but  aost  of  the  tube  with  such 
defects  are  excluded  by  various  inspections.  Noraally.  the  tubes  are 
thoroughly  inspected  by  Ultrasonic  Test,  BCT,  VT  and  air  leak  test  until 
the  end  of  the  aanufacturing  process,  but  tone  kinds  of  defects  have  been 
detected  in  soae  condenser  tubes  (especially,  the  tube  aanufactured  in  the 
early  stage)  during  a  periodic  inspection. 

Pig.l  shows  typical  weld  and  aaterial  defects  (a  porosity  in  the  weld, 
inclusions  in  the  aaterial,  a  crack  of  the  inside  surface  of  the  weld) 
detected  by  BCT  of  In  Service  Inspection.  However,  it  is  very  rare  to 
actually  experience  such  defects,  and  it  it  not  a  aajor  problea  on  titaniua 
tube. 

(B)  Vibration  crack 

Very  hard  and  thin  titaniua  tube  for  heat  exchanger  is  very  good  for 
corrosion,  but  it  it  relatively  poor  at  physical  daaage.  In  cate  a 
continuously  vibrated  tube  by  steaa  flow  it  hit  in  a  tube  hole  of  support 
plate,  longitudinal  vibration  cracks  aay  be  initiated.  The  condition  for 
crack  initiation  changes  with  a  condenser  design,  a  tube  design,  a  tube 
quality  and  operating  period,  especially  foreign  aatter  between  the  tube 
and  the  tube  hole  aay  accelerate  crack  initiation. 

Pig. 2  is  an  exaaple  of  vibration  crack  froa  outside  initiating  point  under 
the  support  plate.  The  crack  hat  propagated  on  the  peak  portion  produced 
at  the  bending  process  of  titaniua  plate,  and  it  is  considered  that  bad 
tube  ovality  and  unusual  strong  steaa  flow  are  the  source  of  the  crack 
initiation.  Soae  vibration  crack  cases  have  been  reported  for  the 
titaniua  tubes  aanufactured  in  the  early  tiaes.  However,  today,  tube 
ovality  hat  been  greatly  iaproved  and  condenser  design  hat  been  aodified. 

(?)  gtvii-tidg  crvtivn  1}~S) 

Steaa-side  droplet  erosion,  that  occurs  on  the  outside  surface  of  condenser 
tubes  after  40,000  -  SO, 000  hours'  operation,  is  a  newly  experienced 
phenoaenon.  The  eroded  potions  of  the  tube  are  restricted  to  the  high 
speed  steaa  flow  zone  and  the  upper  tide  of  the  aost  outer  tube  of  bundles. 
Pig. 3  to  Pig. 6  show  typical  views  of  droplet  erosion.  Pig. 3  is  a  slight 
droplet  erosion  case,  Pig. 4  is  a  slight  droplet  erosion  but  with  isolated 
deep  pores  cate  and  Pig.S  it  a  heavily  daaaged  droplet  erosion  case 


Droplet  erosion  is  considered  to  progress  through  the  following  two  stages; 
The  first  stage  (tee  Pig. 3)  appears  on  the  titaniua  tubes  iapinged  by  aany 
droplets  of  steaa  flow  in  several  years'  exposure.  The  feature  of  the 
first  stage  tube  it  to  show  a  rough  sandblasted  like  surface. 

In  the  second  stage  (tee  Pig. 4,  5).  local  and  taall  deep  pore*  are  observed 
on  the  areas  of  the  first  step  erosion.  The  droplet  erosion  in  the  second 
stage  looks  at  if  cavitation  erosion  hat  occurred  on  the  tube  surface,  and 
the  average  diaaeter  of  the  pores  is  about  200  -  300|B 
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Visual  inspection  froa  the  outside  surface  of  the  tube  that  is  noraally  not 
useful  for  detecting  aaterial  defects  and  vibration  cracks  does  not  apply 
to  all  tube.  If  a  doubtful  indication  is  obtained  by  BCT.  VT  aay  be 
carried  out  for  the  liaited  area  to  verify  the  reason  of  the  indication 
In  this  case.  VT  froa  the  inside  surface  of  the  tube  is  usually  selected 
because  of  its  accessibility  and  cleanliness  of  inside  tube  surface. 

For  detecting  droplet  erosion,  direct  VT  froa  the  outside  surface  of  the 
tube  and  palpation  on  the  surface  is  a  very  powerful  and  realistic  aethod. 
The  indication  signal  of  early  stage  droplet  erosion  by  conventional  BCT  is 
usually  very  low  and  difficult  to  evaluate,  but  VT  can  easily  find  alaost 
all  the  shape  of  general  droplet  erosion  area,  because  the  positions  of 
eroded  area  are  restricted  to  the  upper  side  surface  of  the  outer  tubes 
where  the  inspectors  can  access.  The  eroded  area  is  often  distributed  in 
wide  area  and  attended  with  the  surface  color  change.  However,  direct  VT 
for  the  outer  faced  tube  needs  a  large  scaled  inspection  scaffolding  and 
■any  inspectors,  and  it  is  attended  with  a  danger  of  inspectors  and  of 
causing  Mechanical  tube  daaage .  Visual  inspection  with  robotics  and  high 
resolution  caaera  is  indicated  for  visual  inspection  in  the  future. 


Inner  probe  BCT  for  titaniua  condenser  tube  is  a  widely  used  standard  NDB 
■ethod  to  detect  daaaged  tubes  and  to  evaluate  the  depth  and  the 
propagation  rate  of  the  flaw.  The  tubes  are  periodically  inspected  by 
BCT.  but  the  interval  of  the  inspection  is  not  aore  frequently  than  that 
for  copper  alloy  condenser  tube. 
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The  inner  probe  BCT.  that  can  be  applied  froa  the  water  box  side  (inside 
the  tube),  is  a  popular  NOB  technique  and  effective  for  conventional  defect 
detection  of  condenser  tubes.  The  defects  that  can  be  detected  by  noraal 
BCT  (differential  type  bobbin  probe  BCT)  are  partial  defects,  such  as 
crack,  deposit  attack,  partial  corrosion,  etc.  However,  droplet  erosion 
like  defect  that  covers  wide  area  and  has  continuously  changed  thickness 
along  to  the  axial  direction  of  the  tube  is  difficult  detect.  The  reason 
is  that  a  differential  type  bobbin  probe  has  neighboring  two  co-axial 
driver/pick-up  coils  on  the  saae  bobbin  and  the  iapedance  variation  between 
two  coils  is  continuously  Measured  by  BCT  equipment.  The  saall  partial 
defect  affects  the  iapedance  of  one  of  the  coil,  but  the  defect  with 
continuous  thickness  change  like  droplet  erosion  Bakes  the  iapedance  of  two 
coils  change  equally. 

To  detect  and  evaluate  aaterial  defects  and  vibration  cracks,  aulti- 
frequency  BCT  and  data  processing  by  a  coaputer  are  the  aost  useful.  The 
aulti-frequency  BCT  equipment  drives  a  noraal  differential  bobbin  coils 
with  aixed-up  two  different  frequency  sine  waves  (100kHz  -  INHz  in  the  case 
of  thin  titaniua),  and  obtained  strong  support  signals  caused  by  the  thin 
wall  thickness  of  the  tube  are  canceled  by  selecting  suitable  phase 
condition  of  the  two  frequency  waves. 

Consequently,  vibration  cracks  caused  under  the  tube  hole  of  the  support 
plate  and  foreign  Batter  between  the  tube  and  the  tube  hole  can  be  easily 
detected  without  disturbance  of  strong  support  plate  signal. 
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The  ibiolute  probe  BCT  that  was  telected  from  our  various  examination 
reaulta  hat  been  proved  to  have  good  ability  to  detect  droplet  eroaion. 
A  developed  absolute  type  probe  hat  two  tpecial  wound  coila  on  separate 
probe  bobbins  and  the  iapedance  variation  between  the  coil  in  a  teat  tube 
and  the  other  coil  in  a  standard  tube  it  aeatured.  The  iapedance  change 
of  the  coil  in  the  test  tube  with  droplet  erosion  is  continuously  recorded 
on  a  strip  chart  and  a  digital  data  recorder  at  a  thickness  variation  data 
of  the  tube  wall. 

Pig. 6  shows  the  shape  of  a  real  droplet  erosion  staple  tube  froa  an 
operating  condenser  and  the  test  result  of  the  absolute  probe  BCT  and  the 
conventional  differential  probe  BCT.  Such  a  grade  droplet  eroaion 
(aaxiaua  depth  it  about  half  of  wall  thickness  :0.5aa)  is  clearly  indicated 
on  the  chart  of  absolute  probe  BCT  at  a  wall  thickneas  change,  but  not  on 
the  chart  of  differential  probe  BCT.  The  absolute  probe  BCT  ia  now 
applied  to  all  the  titanium  and  the  copper  alloy  condenser  tube  that  it 
probable  to  occur  droplet  erosion,  and  its  effectiveness  hat  been  proven  by 
the  results  of  VT  and  thickness  measurement  by  sectioning  at  eroded  areas. 

Botating  probe  BCT 

Bddy  current  test  with  a  rotating  probe  (Pig. 7)  ia  effective  for  detecting 
fine  longitudinal  and  circumferential  cracks  and  the  deep  pores  that  exists 
in  droplet  erosion  area.  Rotating  probe  BCT  technique  ia  that  a  snail  BCT 
probe  coil,  helically  scanned  along  to  the  inside  surface  of  the  tube,  so 
that  sensitivity  for  fine  cracks  and  small  pores  is  very  high  (especially 
for  longitudinal  crack  and  erosion).  The  pick  up  coils  set  in  rotating 
probe  can  be  selected  froa  various  types  of  winding  coil  depending  on  the 
defect  orientation  and  type.  Pig. 8  shows  an  example  of  the  result  of  a 
test  piece  with  various  tube  wall  thickness  reduction  by  the  rotating  probe 
BCT.  However,  inspection  cost  (probe  cost  and  equipment  cost)  and 
inspection  time  (probe  scanning  tine  and  data  evaluation  tine)  of  rotating 
probe  BCT  is  relatively  high,  and  it  has  to  be  used  only  for  precise 
inspection  to  investigate  limited  area  damage. 

Hulti-orobe  BCT 

Multi-probe  BCT  is  a  substitutional  method  for  rotating  probe  BCT. 
Rotating  probe  has  only  one  small  coil,  and  probe  moving  speed  is 
restricted  by  a  helical  scanning  speed  of  the  coil.  The  multi-probe,  that 
has  normally  6  to  8  or  more  small  pick  up  coils  spaced  equally  round  the 
circumference,  need  not  rotate  the  probe  itself;  it  can  get  up  moving  speed 
to  the  bobbin  probe  speed.  Howeyer,  the  same  numbers  of  data  acquisition 
and  recording  equipment  have  to  be  connected  to  each  coil,  and  it  may  take 
long  time  to  evaluate  all  coil  data. 


Inspection  in  Replacing  of  Condenser  Tube 

In  case  the  heavily  damaged  titanium  tube  increase,  those  tubes  should  be 
replaced  with  new  tubes  instead  of  plugging.  In  this  case,  inside  surface 
of  many  support  plate  tube  holes  should  be  smooth  and  free  from  metallic 
dust,  deep  scratches  and  hazardous  notches  generated  in  operation  These 
defects  sometimes  affect  on  the  titanium  tube  surface  during  re-tubing 
process  and  in  operation. 

(1)  Visual  inspection  for  support  plate 


Pig. 9  shows  a  schematic  figure  of  a  VT  equipment  to  observe  the  internal 
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surface  of  the  support  piste  tube  hole.  The  VT  head  consists  of  •  high 
resolution  CCD  csaera,  a  saall  airror  and  aicro  halogen  leaps.  They  are 
all  asseabled  in  a  stainless  tube  housing  and  guide  (24aa  in  outer  diaaeter 
and  12a  in  length)  to  be  inserted  into  the  tube  hole.  Non-conforaable 
holes  to  the  acceptable  standard  are  polished  with  a  special  long  ahaft 
reaaer.  Pig. 10  shows  an  intentionally  Bade  saall  spatter  detected  on 
the  inside  surface  of  a  tube  hole  by  CCD  caaera. 

(2)  BCT  for  tube  expansion 

Renewed  titaniua  condenser  tubes  are  expanded  and  fixed  at  both  tubesheets 
after  tube-to-tubesheet  welding.  Tube  expansion,  that  are  iaportant  to 
prevent  thin  tube-to-tubesheet  weld  froa  leakage  by  tube  stretching 
vibration,  is  inspected  by  inside  aicroaeter  aeasureaent  or  by  palpation. 
However,  the  inside  disaeter  aeasureaent  is  troublesoae  work  for  inspectors 
because  of  the  saount  of  tubes  and  the  siailar  tube  arrangeaent.  and  the 
palpation  of  tube  inside  csnnot  deteraine  expansion  ratio  quantitatively. 

An  expansion  ratio  checker  developed  using  BCT  technology  can  autoaatical ly 
aeasure  and  record  each  tube  expansion  ratio  data  quantitatively  and  speedy 
by  only  inserting  a  special  probe  at  the  end  of  tube  inside.  Pig.  11 
shows  a  scheaatic  probe  design  and  a  typical  result  of  various  expansion 
ratio  tubes  by  the  checker. 

ill  BCT  for  Tube-to-tybeiheet  weld  6) 

Noraally.  tube-to-tubesheet  weld  is  inspected  by  liquid  penetrant  test  and 
hydraulic  test  just  after  welding,  but  the  Bain  itea  of  periodic  inspection 
is  only  VT.  Rotating  BCT  is  an  easy  voluaetric  inspection  aethod  for  the 
titaniua  tube-to-tubeseet  that  has  saooth  welded  surface  and  shallow  weld 
bead  thickness;  it  is  applied  to  aainly  partial  weld  perforaance 
evaluation . 

The  rotating  BCT  probe  consists  of  three  saall  pencil  type  coils  and  a 
probe  rotation  aechanisa.  Bach  BCT  coil  is  exited  by  different  one  or  two 
aixed  high  frequency  current  ( 1 00kHz  -  3MHz).  One  coil  is  used  for 
watching  the  probe  lift  off.  and  other  two  coils  are  used  for  detecting  the 
defect  in,  or  on.  the  weld. 


Conclusion 

Special  NDB  techniques  adjusted  to  specific  physical  defects  on  thin 
titaniua  condenser  tube  have  been  developed  *.nd  applied.  Bddy  current 
tests  and  visual  inspection  techniques  are  very  powerful  weapons  to 
detect  and  to  evaluate  the  specific  defects  during  periodic  inspection. 
Various  analyses  of  the  defects  have  contributed  to  the  iaproveaent  of 
condenser  design.  Of  course,  all  titaniua  condenser  has  high  reliability 
for  leakage  by  an  electro-cheaical  corrosion  of  sea  water,  and  today,  it  is 
considerable  to  have  the  saae  reliability  for  physical  attacks. 
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(a)  Porosity 


(b)  inside  surface  crack 


Pig  2  -  Vibration  crack 


Pig  1  -  Defects  in  the  tube 

manufacturing  process. 


Pig  4  -  Droplet  erosion 
(1st.  stage  with  isolated  deep  porea). 
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(b)  Cross  sectional  view 


a)  Surface  view 


Fig. 5  -  Droplet  erosion  ^ 2nd  .  stage) 


Droplet  erosion  area  3 4>  Drill  hole 


<  Differential  > 


Fig. 7  -  Rotating  BCT  probes 


Result  of  differential 
absolute  BCT  for  drrrie" 
erosion 


geault  of  rotating  BCT  for  teat  piece 


Pig  9  -  Visual  inspection  equipaent  for  tube  hole  of  support  plate. 


Pig  10  -  Bxaaple  of  tube  hole  inside  view  by  CCD  caaera. 
(Test  piece  saaple  :  saall  spatter  on  the  hole) 


Pig  11  -  Schaetic  probe  design  and  result  of  tube 
expansion  test  by  BCT  checker 
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ANALYZING  HIGH  PURITY  TITANIUM 
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Abstract 


Advances  in  titanium  product  purity  come  only  as  fast  as  one's 
ability  to  verify  that  purity  on  the  process  level.  Currently 
available  analytical  means  to  do  that  arc  reviewed.  Some  strengths 
and  weaknesses  of  certain  tools  arc  outlined.  Glow  discharge 
mass  spectrometry  has  become  the  instrument  of  choice  for 
certifying  metallic  impurities  in  ultra-high  purity  titanium.  Some 
problems  attending  chemistry  certification  at  99.999%  metallic 
purity  levels  and  higher  are  discussed. 


Introduction 

Aerospace  and  industrial  applications  of  titanium  are  currently  and  adequately  supported 
by  conventional  analytical  techniques  such  as  optical  emission  spectroscopy,  atomic 
absorption  and  the  various  gas  extraction  and  fusion  techniques. 

Much  of  the  driving  force  behind  the  quest  for  high  purity  titanium  for  electronic 
applications  comes  from  the  need  to  minimize  ohmic  heating  at  the  highest  levels  of 
circuit  integration.  Ohmic  heating,  of  course,  arises  in  part  from  impurities  in  metal 
conductors. 

No  single  method  analyzes  all  elements  effectively. 

Table  1  illustrates  typical  analytical  ranges  available  in  general,  on  a  metal  basis,  for  the 
various  techniques. 

Electronic  applications  require  titanium  with  impurities  certified  in  the  range  from  low 
parts  per  million  to  high  parts  per  trillion.  Certain  advanced  electronic  applications  now 
specify  less  than  ten  ppm  total  metallic  impurities  along  with  less  than  200  ppm  total 
gases.  Conventional  gas  analytical  techniques  have  kept  pace  and  are  still  adequate. 
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Table  1 


Listing  of  Techniques  by  typical  detection  limits,  DL. 


DL  <=  0.1  -  100  ppm 

Atomic  absorption  /  furnace  atomic  absorption,  AA  -  FAA 

Conventional  quantometer,  Quant 

Direct  cuiTent  plasma,  DCP  (Becoming  obsolete) 

Inductively  coupled  plasma,  ICP 

DL  <=  0.01  •  1  pom 

Inductively  coupled  plasma  mass  spectrometer,  ICPMS 

DL  <=  0.01  •  10  nob 

Glow  discharge  mass  spectrometer,  GDMS 

Spark  source  mass  spectrometer,  SSMS  (Becoming  obsolete) 


The  same  is  true  of  AA  or  ICP  for  a  few  specific  metallics.  For  most  metallics, 
however,  conventional  means  have  given  way  to  mass  spectrometry. 

Wet  chemical  techniques  have  several  advantages,  economy  being  high  on  the  list 
There  are  inherent  problems  that  limit  their  sensitivities,  however.  Important  examples 
are  the  dilutions  required  and  the  interferences  that  arise.  Using  ultra-pure  reagents  does 
not  remove  the  interferences  that  arise  from  the  reagents  themselves. 

Nevertheless,  wet  analytical  methods  remain  quite  useful  for  specific  elements  and  for 
process  control.  Wet  methods  also  provide  a  calibration  base  for  mass  spectrometry. 

AA,  the  premier  absorption  method,  is  quite  useful  for  the  alkalis,  alkaline  earths  and 
many  non-refractory  transition  metals.  Incidental  contamination  from  glassware  and 
reagents  is  a  particular  problem  in  the  case  of  sodium.  The  non-linear  relationship 
between  signal  and  impurity  concentration  is  a  complication  to  some  degree.  Molecular 
background  is  high  for  many  elements.  Use  of  a  furnace  instead  of  a  flame  enhances 
sensitivity  in  many  cases,  decision  auto  samplers  with  computer  data  reduction  have 
made  FAA  a  method  of  choice  for  many  trace  analyses.  Molecular  background  for  FAA 
is  best  removed  by  Zeeman  corrections. 

Optical  emission  spectroscopy  via  ICP  or  DCP  complements  absorption  methods  in  that 
it  does  a  better  job  on  refractory  materials.  Emission  line  intensity  is  a  linear  function  of 
impurity  concentration  over  several  orders  of  magnitude,  which  simplifies 
standardization.  Molecular  background  exists  but  can  be  minimized  to  a  degree  by 
selecting  the  plasma  field  to  be  analyzed.  Short  and  long  term  stabilities  of  die 
instrument  are  critical  features  when  working  near  detection  limits.  Internal  standards 
are  helpful  in  this  regard.  Frequent  calibrations  before  and  afier  analyses  coupled  with 
computer  correction  for  drift  are  also  quite  useful.  Most  instruments  will  do  somewhat 
better  than  their  manufacturers  guarantee.  For  electronic  grade  titanium,  however,  that 
usually  is  not  enough. 

The  next  step  up  in  sensitivity  is  provided  by  coupling  a  plasma  source  with  a  mass 
spectrometer.  Intermediate  detection  limits  are  obtained  this  way.  The  mass 
spectrometer  is  not  bothered  by  optical  background  of  molecular  or  other  origin. 
However,  if  the  MS  section  of  an  ICPMS  is  a  quadnipole,  there  are  numerous  isotope 
interferences  that  the  instrument  cannot  resolve.  In  any  case,  the  method  still  suffers 


from  the  dilution  required  to  take  a  sample  into  solution.  Nevertheless  ICPMS  is  often 
the  method  of  choice  when  dealing  with  high  purity  solutions. 

Mass  spectrometry  has  two  distinct  advantages:  1)  a  solid  sample  is  used  so  the  signal  is 
strong  and  2)  background  is  virtually  non-existent.  Magnetic  focusing  provides  the 
mass  dispersion  necessary  to  remove  most  but  not  all  isotopic  interferences.  Molecular 
ions  of  titanium  combined  with  argon  are  known  sources  of  interferences,  particularly 
for  Ca,  Sc,  Rb,  Sr  and  Y.  In  these  cases  one  has  the  option  of  using  SSMS  with  the 
attendant  losses  in  accuracy  and  precision.  SSMS  is  inherently  less  stable  than  GDMS, 
usually  requires  photometric  reading  of  a  photographic  plate  and  moreover  samples  less 
material.  Neither  mass  spectrometry  technique  is  any  better  than  its  calibration. 
Calibration  was  a  significant  problem  when  GDMS  units  were  first  introduced  but  is 
now  largely  history.  Another  drawback  is  the  very  small  sample  volumes  analyzed.  Not 
all  samples  are  both  representative  and  homogeneous. 

Using  mass  spectrometry  for  product  certification  is  not  as  straight  forward  as  it  might 
appear.  A  second  aspect  of  certifying  chemistry  in  ultra-pure  materials  is  that  of 
representative  samples.  One  needs  to  be  able  to  separate  the  variances  arising  from 
sampling  from  those  of  the  instrument.  That  is  not  always  straight  forward. 

Cross  contamination  is  also  a  typical  problem  for  commercial  laboratories  that 
necessarily  must  analyze  a  variety  of  materials  in  the  course  of  their  work.  Counting 
statistics  and  source  stability  are  rarely  limidng  but  come  into  play  at  the  detection  limits. 
Uncertainty  owing  to  counting  statistics  can  be  reduced  by  extending  counting  time. 

That  comes  at  a  price  in  both  cost  and  time.  It  is  nevertheless  useful  in  order  to  sort  out 
the  instrumental  variance.  This  may  relate  to  excitation  stability  for  example. 
Inhomogeneous  impurities  are  manifest  by  drift .  Iron  is  a  particular  offender  in  this 
regard  because  it  tends  to  micro  segregate  during  ingot  solidification  (1). 

Certain  experience  in  certifying  ultra-high  purity  titanium  is  presented  in  what  follows. 


Discussion 

In  most  cases,  tracing  material  contamination  at  ppm  levels  is  straight  forward.  At  ppb 
levels,  the  problem  is  less  tractable.  Part  of  the  reason  for  this  is  that  a  material  can  be 
well  within  specification  for  every  individual  element  yet  be  out  of  specification  in  their 
total.  Casual  inspection,  even  control  charting,  may  fail  to  turn  up  the  cause. 

One  option  is  to  review  the  raw  data  from  GDMS  and  extend  counting  time  if  the 
analyses  of  interest  crowd  their  detection  limits.  Another  is  to  repeat  the  analyses  to  the 
point  where  one  can  calculate  standard  errors  with  confidence.  This  has  the  advantage 
of  pointing  out  any  outliers  in  the  data.  With  these  measures  it  still  may  not  be  obvious 
where  the  contamination  is  coming  from,  especially  if  only  a  few  lots  are  available. 

More  sophisticated  approaches  are  called  for. 

Table  2  presents  one  approach  to  this  problem.  For  this  illustration,  impurity  data  from 
28  heats  of  high  purity  titanium  were  collected  and  analyzed.  Every  element  analyzed 
between  10  ppt  and  20  ppm  in  every  heat.  GDMS  data  for  28  elements  were  collected 
and  a  correlation  matrix  was  calculated  between  every  element  pair  as  in  a  factor 
analysis(2,  3).  The  original  matrix  consisted  of  378  independent  correlations.  A  type 
one  error  of  0.01  was  selected  for  the  initial  survey.  This  requires  a  coefficient  to  be 
0.48  or  larger  for  significance.  On  a  random  basis,  one  would  expect  perhaps  three  or 
four  coefficients  among  378  correlations  to  be  as  large  as  0.48.  Instead,  24  were  found. 


Table  2  Correlation  Coefficients  for  28  Ingots  Analyzed  by  GDMS 


A1 

As 

Ca 

ci 

Co 

Cr 

Fe 

Li 

Mg 

Mn 

Mo 

A1 

1 

.17 

-.10 

.22 

-.02 

JL5 

.34 

-.04 

-.10 

.33 

-.03 

As 

• 

1 

.13 

-.18 

.15 

.17 

.42 

.41 

.31 

-.03 

-.15 

a 

• 

• 

1 

.01 

A1 

.06 

.41 

-.08 

-.16 

-.09 

-.25 

a 

• 

• 

• 

1 

-.08 

AA 

-.03 

-.33 

-.24 

.42 

.16 

Co 

• 

• 

• 

• 

1 

.28 

.40 

-.13 

-.17 

-.10 

.33 

Cr 

• 

• 

• 

• 

• 

1 

31 

-.24 

-.09 

.53 

.17 

Fe 

• 

• 

• 

• 

• 

• 

1 

-.13 

-.02 

.33 

.23 

Li 

• 

• 

• 

• 

• 

• 

• 

1 

.8  5 

-.02 

.10 

Mg 

• 

• 

• 

• 

• 

• 

• 

1 

-.01 

.07 

Mn 

• 

• 

• 

• 

• 

• 

• 

• 

1 

.29 

Mo 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1 

Nb 

Ni 

P 

Pb 

S 

Th 

U 

V 

W 

Zn 

Zr 

A1 

-.01 

.02 

.04 

.05 

-.02 

.22 

-.13 

-.08 

11 

.07 

.12 

As 

.03 

.14 

.01 

.23 

-.10 

A3. 

.01 

.29 

.04 

.42 

-.05 

Ca 

-.03 

JLi 

.03 

-.17 

-.13 

.16 

-.15 

-.47 

.03 

A3 

-.05 

ci 

.04 

-.09 

.07 

-.30 

.08 

-.09 

-.12 

.17 

-.07 

-.20 

.13 

Co 

-.07 

M 

.28 

-.20 

-.12 

.20 

-.14 

-.32 

.11 

.32 

-.08 

Cr 

.10 

.13 

.31 

-.16 

.07 

.33 

-.19 

-.16 

.29 

.06 

.27 

Fe 

.02 

A1 

.09 

-.16 

-.06 

■  60 

-.20 

-.38 

.23 

.42 

Li 

.12 

-.13 

.07 

31 

-.03 

.44 

A3 

.19 

.01 

.22 

-.21 

Mg 

.37 

-.16 

.26 

Ai 

.24 

.45 

A1 

.06 

-.14 

.21 

-.04 

Mn 

-.16 

.06 

.04 

.01 

-.11 

.05 

-.12 

-.02 

-.08 

-.02 

.32 

Mo 

.13 

-.06 

.03 

-.11 

.14 

-.17 

-.13 

.06 

-.20 

-.23 

31 

Nb 

Ni 

P 

Pb 

S 

Th 

U 

V 

W 

Zn 

Zr 

Nb 

1 

-.07 

.66 

.15 

,88 

.  23 

.13 

-.17 

-.13 

.14 

-.10 

Ni 

• 

1 

-.01 

-.19 

-.12 

.16 

-.21 

-.29 

.16 

.26 

.05 

P 

• 

• 

1 

.08 

31 

.  12 

.15 

-.25 

-.04 

-.03 

.02 

Pb 

• 

• 

• 

1 

.02 

.4 

.15 

.08 

.13 

-.14 

S 

• 

• 

• 

• 

1 

.04 

14 

-.14 

-.12 

-.05 

-.01 

Th 

• 

• 

• 

• 

• 

1 

.4 

-.14 

.21 

.63 

-.07 

U 

• 

• 

• 

• 

• 

• 

1 

-.01 

-.01 

.05 

-.13 

V 

• 

• 

• 

• 

• 

• 

• 

1 

-.12 

-.39 

-.04 

W 

• 

• 

• 

• 

• 

• 

• 

• 

1 

.12 

-.06 

Zn 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1 

-.08 

Zr 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

1 

for  an  incidence  some  seven  times  expectations.  Moreover  all  were  positive.  If  chance 
alone  were  operating,  about  half  would  be  expected  to  be  negative.  Only  six  of  the 
original  28  elements  produced  insignificant  correlations  with  every  other  element  They 
were  K,  Na,  B,  Bi,  Cu  and  Si  and  were  not  included  in  Table  2.  The  pairs  reaching 
significance  are  shown  underlined  in  bold  face.  The  probability  of  this  being  a  random 
result  is  essentially  zero.  Of  the  207  remaining  coefficients  in  Table  2, 102  were 
negative,  of  which  two  were  0.39  or  larger.  These  features  are  consistent  with  random 
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variation.  The  207  non  significant  pairs  in  Table  2  were  considered  to  be  random.  The 
other  24  created  a  problem. 

In  calculating  the  correlation  matrix  illustrated  in  table  2,  the  analyses  for  every  element 
analyzed  in  a  series  of  samples  was  correlated  pairwise  with  every  other  element 
analyzed  throughout  the  series.  Each  correlation  coefficient,  r,  was  calculated  by  the 
method  given  by  Walker  and  Lev  (4)  using  readily  available  software  (3). 

Factor  analyses  are  designed  to  illustrate  which  variables  tend  to  move  in  concert  and  is 
a  technique  often  used  in  the  social  sciences.  It  is  applicable  here.  For  example  if  it  can 
be  shown  that  Cu  and  Nickel  repeatedly  correlate  positively  then  one  might  suspect  that 
contamination  from  monel  or  a  similar  material  might  be  occurring.  Austenitic  stainless 
steel  provides  a  unique  finger  print  as  well.  Although  a  complete  factor  analyses 
provides  additional  information,  it  turned  out  that  the  replications  were  unstable;  the 
matrices  alone  were  all  that  could  be  used. 

The  preliminary  conclusion  was  that  at  least  some  impurities  rose  and  fell  together.  That 
could  be  the  case  if  the  impurities  all  entered  from  the  same  source.  Listing  the 
correlating  pairs  was  helpful  in  that  regard.  Table  3  presents  the  results.  The  fact  that 
six  pairs  returned  coefficients  above  0.81  defies  astronomical  odds  unless  an  assignable 
cause  could  be  found.  Those  pairs  that  might  have  natural  reasons  to  occur  are  shown 
in  bold  face.  Cr/Fe  and  Fe/Ni  pairs  could  arise  from  stainless  steel  sources  but  the  low 
Cr/Ni  coefficient,  while  having  the  correct  sign,  does  not  reach  significance. 
Nevertheless  stainless  steel  was  an  initial  suspect.  P  and  S  have  physico-chemical 
similarities  and  are  often  found  together.  The  same  is  true  of  the  Mo/Zr,  Li/Mg  and 
Co/Ni  pairs. 


Table  3  Correlating  Impurity  Pairs  in  Ultra-High  Purity  Titanium,  all  positive. 


Correlation  Pairs 


0.46  -  0.50 
0.51  -  0.55 
0.56  -  0.60 
0.61  -  0.70 
0.71  -0.80 
Above  0.81 


Cl/Cr,  Co/Ni 

Ca/Co,  Ca/Zn,  Cr/Mn,  Fe/Ni 
As/Th,  Cr/Fe,  FoTh,  Li/U,  Mg/U 
Al/Cr,  Ca/Ni,  Nb/P,  Th/Zn 
Al/W,  Pb/U 

Li/Mg,  Li/Pb,  Mg/Pb,  Mo/Zr,  Nb/S,  P/S 


The  only  apparent  connection  between  Pb  and  U  is  their  radioactive  pairing  in  nature. 
But  that  hardly  explains  the  high  0.72  correlation.  Of  the  remaining  16  pairs,  one  might 
assume  that  perhaps  four  could  have  random  origins.  The  working  conclusion  was  that 
about  12  pairs  are  non-random  for  unknown  reasons  in  this  example. 

At  this  point  it  was  possible  to  find  and  close  some  possible  points  of  impurity  entries 
into  the  process.  This  positive  result,  however,  still  left  a  mystery.  Why  were  there  so 
many  elevated  positive  correlations  without  apparent  cause? 

Similar  results  were  found  in  repeated  analyses  using  independent  GDMS  data  from  the 
same  lab  and  also  from  a  separate  lab  on  yet  a  third  data  base.  Further,  in  each  study, 
negative  correlations  among  the  significant  coefficients  were  rare.  Moreover,  the 
unexplained  pairs  in  one  study  rarely  appeared  in  any  of  the  others.  It  seemed  likely  that 
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features  of  the  GDMS  analyses  were  somehow  responsible  for  the  unexplainable  pairs. 
This  feature  brought  into  question  the  accuracy  and  precision  of  GDMS. 

Potential  hypotheses  were  suggested.  One  was  simply  that  the  main  ion  beams  of 
titanium  isotopes  making  up  most  of  each  million  counts  were  not  being  accurately 
calibrated  relative  to  certain  trace  impurities.  Each  impurity  has  its  own  ion  excitation 
efficiency  and  was  a  suspected  factor.  It  was  suggested  that  the  detection  limits,  which 
varied  with  each  individual  analysis  on  a  somewhat  systematic  fashion,  contributed  to 
the  problem.  Removal  of  results  at  or  near  the  detection  limits  for  each  study  removed 
many  of  the  unexplained  pairs  while  tending  to  leave  the  real  signatures  of  Fe,  Cr,  Ni 
and  other  elements  with  atomic  number  less  than  about  40.  Still  some  random  excess 
remained. 

That  was  the  situation  until  about  1989.  Since  then,  the  commercial  labs  have  each 
reduced  their  excess  of  positive  correlations  while  agreeing  better  in  blind  comparisons. 
Much  of  this  progress  came  from  improved  multiplex  procedures  dividing  the  ion  beams 
among  the  Faraday  cup  (main  titanium  beam)  and  the  ion  counters  seeing  the  impurity 
beams.  Some  progress  no  doubt  came  from  the  additional  operator  experience  and 
availability  of  standards.  Repeat  analyses  are  no  longer  a  factor  of  three  off.  Ten  to 
thirty  percent,  including  sampling  variance  is  more  like  it. 

Clearly,  GDMS  has  come  of  a^e  as  an  analytical  tool  in  the  ppb  range.  Yet  a  residual 
uncertainty  remains. 

GDMS  and  other  analyses  that  rely  on  discrete  quanta  or  particle  counting  are  limited  in 
their  precision  by  the  counts  themselves.  This  uncertainty  has  to  do  with  the  Poisson 
statistics  that  describe  the  'rare  event'  arrival  times  of  each  individual  event  representing 
the  trace  impurity  being  analyzed.  In  Poisson  statistics,  the  standard  deviation  is  the 
square  root  of  the  mean  (4). 

In  the  parlance  of  analytical  chemistry,  a  quantity  defined  as  the  ’residual  standard 
deviation',  or  %  RSD,  is  used  to  indicate  the  quality  of  a  given  analysis.  The  %  RSD  is 
the  standard  deviation  multiplied  by  100  divided  by  the  mean.  Table  4  illustrates  how 
this  parameter  relates  to  Poisson  statistics.  The  %  RSD  is  very  sensitive  to  counts  at  the 
low  end,  near  the  detection  limit. 


Table  4 

Relationship  be 

Counts 

%  RSD 

4 

50 

25 

20 

100 

10 

10000 

1 

Detection  limits  in  mass  spectrometry  thus  have  natural  limits  relating  to  the  count 
received  from  a  given  impurity. 

Already  we  are  in  an  era  where  long  counts  have  become  necessary  to  certify  certain 
high  purity  materials. 


GDMS/SSMS  techniques  can  analyze  every  metallic  impurity  likely  to  be  present.  Mass 
spectrometry  does  not  yet,  however,  compete  with  the  common  instrumental  techniques 
for  most  of  the  gases.  So  its  usefulness  is  primarily  with  metals.  Even  then  a  situation 
may  arise  where  GDMS/SSMS  is  inadequate.  An  example  is  the  radioactive  alpha 
panicle  emitters,  U  and  Th.  In  these  cases,  any  U  or  Th  present  tends  to  segregate  to 
grain  boundaries  and  triple  points.  Rare  earths  in  general  all  behave  this  way.  A  GDMS 
analysis,  even  an  extended  one,  is  likely  to  return  values  too  high  or  too  low  depending 
on  the  vagaries  of  impurity  segregation  and  sample  erosion  in  the  glow  discharge. 

Alpha  emission  is  undesirable  because  an  alpha  particle  can  change  the  state  of  an 
adjacent  memory  element  in  an  integrated  circuit.  Errors  of  this  type  have  become 
known  as  "soft  errors."  Since  it  is  the  alpha  activity  that  produces  the  problem,  it  is 
better  to  determine  the  actual  alpha  decay  activity  directly  from  a  large  sample. 


Conclusions 

1  GDMS  has  rightly  become  the  analytical  method  of  choice  for  certifying  high 
purity  titanium  products. 

2  Correlation  matrices  are  an  effective  too!  for  searching  out  subtle  analytical 
problems  and  effects  not  readily  evident  in  product  control  charts. 

3  Certifying  ultra-high  purity  titanium  has  begun  to  stretch  the  ability  of  mass 
spectrometry  and  made  long  analysis  times  necessary. 
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Abstract 


In  order  to  strengthen  pseudo-alpha-titanium  alloys  a  carbon  as  well  as  oxy¬ 
gen  microalloying  are  used  in  the  industry.  Hence  the  carbon  distribution 
characteristics  of  large  ingots  present  significant  both  scientific  and  prac¬ 
tical  interest.  We  attempted  to  obtain  these  characteristics  by  using  radio¬ 
active  isotopes  ( carbon- m)  method. 

Introduction 


In  the  commercial  production  of  the  pseudo-alpha  titanium  alloys  the  alloy¬ 
ing  by  the  carbon  in  addition  to  the  alloying  by  the  oxygen  is  applied  to 
increase  the  tensile  properties. 

Although  the  hardening  effect  of  the  carbon  is  somewhat  lower  as  compared  to 
that  of  the  oxygen,  the  carbon  is  preterable  as  it  results  in  the  reduction 
of  the  ductile  properties  though  the  atom  size  of  the  carbon  is  larger  than 
that  of  the  oxygen  with  the  some  content  of  the  elements.  It  is  related  to 
the  ordered  distribution  of  the  carbon  atoms  in  the  lattice  interstitial  si¬ 
tes,  of  the  alpha-Ti,  which  is  partially  resulted  in  the  reduction  of  the 
lattice  damage. 

Due  to  the  low  solubility  of  the  carbon  in  the  titanium  the  input  of  the 
carbon  for  alloying  is  generally  limited  by  0.1  %  (by  weight). 

To  produce  the  uniform  distribution  of  the  interstitials  in  the  ingots  they 
form  a  part  of  the  composition  of  the  master  alloy  applied  to  alloy  the  ti¬ 
tanium  alloys.  To  increase  the  carbon  content  in  the  master  alloy  the  tita¬ 
nium  as  a  carbide  building  element  is  added  to  carbon  containing  master 
alloys. 

The  homogeneity  of  the  carbon  content  in  the  titanium  alloy  ingots  is  termed 
either  by  the  homogeneity  of  the  applied  carbon  containing  master  alloys  or 
by  the  processes  taking  part  at  the  time  of  the  ingot  solidification. 

As  the  carbon  was  not  applied  as  an  alloying  element  for  the  titanium  alloys 
it  is  very  important  to  study  its  distribution  in  the  large  ingots  from 
practical  and  scientific  view  points.  However,  the  applied  analytical  metho- 
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ds  to  determine  the  carbon  content  of  the  master  alloys  and  the  titanium  al¬ 
loy  ingots  do  not  provide  stable  results  and  make  difficulties  to  study  the 
carbon  distribution  in  the  macro-  and  microvolumes  of  the  ingot  metal.  Be¬ 
cause  of  this,  the  radioactive  isotope  method  (RIM)  characterized  by  high 
sensitivity  was  used  in  the  work. 

Investigation  Procedure 

As  an  radioactive  indicator  the  carbon  isotope- 14  with  low  Ji,  -radiation 
energy  and  electron  fluence  in  activated  metal  from  about  the  investigated 
surface  which  results  in  the  increase  of  autoradiographes  quality  was  used. 
The  carbon  isotope-14  has  a  large  half-decay  time. 

The  combination  of  the  above  facturs  is  faborable  for  autoradiography  appli- 
cating  the  carbon  isotope-14. 

The  laboratory  investigations  allow  Ti  establish  if  the  carbon  isotope  in 
the  form  of  the  titanium  carbide  (TiC)  input  is  reasonable  to  avoid  the  iso¬ 
tope  loss  during  the  melting  and  to  control  its  complete  solubility  during 
VAR,  as  in  the  carbon  containing  master  alloys  the  carbon  is  bound  in  the 
form  of  the  titanium  carbide  with  the  melting  temperature  over  3  000°C. 

In  view  of  the  above  facts  the  following  procedure  for  the  isotope  input  is 
suggested:  the  weighted  amount  of  the  isotope  in  the  form  of  the  mixture  of 
elemental  carbon-14  barium  carbonate  containing  the  mentioned  carbon  and  the 
fine  titanium  powder  (1  g  for  the  weighted  amount)  enclosed  in  an  aluminium 
foil  in  the  form  of  the  tablets  of  16  ran  in  diameter  and  20  ran  in  height  we¬ 
re  pressed.  To  avoid  the  carbon  loss  during  the  vacuum  are  melting  the  vacu¬ 
um  arc  melting  the  tablets  were  heat  treated  in  the  evacuated  capsule  at 
1000°C  for  10  hours,  which  resulted  in  the  compound  of  the  radioactive  carbon 
and  the  titanium  pressed  in  foil  in  the  combination  with  forming  the  titani¬ 
um  carbide.  The  produced  tablets  of  the  radioactive  compound  were  input  at 
the  time  of  pressing  in  each  charge  portion  in  the  centre  of  the  electrode. 
The  total  amount  of  the  radioactive  carbon  input  in  the  ingot  due  to  safety 
provision  while  working  with  the  metal  and  obtaining  the  contrast  photos, 
was  designed  on  the  base  of  mean  specific  activities  of  the  finished  metal 
equal  to  0.1  mCi/kg.  To  activate  the  ingot  of  8  t  850  mCi  radioactive  carbon 
were  input. 

The  commercial  ingots  of  Ti-Al-V-Mo-C  system  activated  by  the  carbon,  were 
produced  by  vacuum-arc  method  in  accordance  with  the  series  procedure  thro¬ 
ugh  two  remelting  of  the  ingot  of  1000  ran  in  diameter.  The  0.08  %  (bywaght) 
carbon  was  input  in  the  form  of  the  carbon  containing  master  alloy  with  3.5  % 
carbon. 

To  investigate  the  ingot  was  out  by  hight  on  cylindrical  billets  of  270-300ran 
in  height  followed  by  autogenous  cutting  of  the  axial  and  diametrical  tem¬ 
pi  ites  and  machining  on  a  planer. 

The  autoradiographing  of  the  templates  was  performed  in  accordance  with  MP- 
155-4-32  methodical  recomendations  121 .  The  exposure  time  is  25  days. 

The  template  macrostructure  was  established  by  the  chemical  etching  method 
followed  by  full  size  photography. 

The  microsections  cut  out  of  the  templates  in  accordance  to  the  procedure 
accepted  for  the  titanium  production  were  microradiographed. 

The  supplementary  specimens  were  electropolished  followed  by  liquid  nuclear 
emulsion  application  which  has  provided  the  autoradiograph  to  be  made. 

Light  microscope  observation  of  the  radiographs  of  the  etched,  emulsion  coa¬ 
ted  specimens  is  difficult  as  the  established  microstructure  effects  the 
autoradiographic  image.  Because  of  this  the  autoradiography  of  the  etched 
specimens  with  the  emulsion  coating  was  performed  only  for  the  electron  mic¬ 
roscopy  studies. 

Autoradiographs  were  studied  by  MIM-8  light  microscope  in  transmitted  and 
reflected  light  with  magnification  of  50  -  500.  The  specimens  for  electron 
microscopy  were  cut  out  of  the  same  microsections,  autoradiograph-replies 


were  made.  The  autoradiographs  were  studied  with  magnification  of  5000,10000, 
15000  and  photographed  with  magnification  of  10000. 

The  effect  of  procedure  heating  on  the  carbon  distribution  type  was  studied 
on  the  cast  and  wrought  metal  in  accordance  with  the  above  method  on  the 
specimens  cut  out  of  the  templates. 

Test  Results  and  Discussion 


The  developed  procedure  of  carbon  isotope- 14  input  in  the  metal  provides  the 
clear  and  contract  autoradiographs  for  the  full  size  of  axial  section  of  the 
ingot  of  1000  mm  in  diameter. 

The  comparison  of  ingot's  macrostructure  and  radiographs  shows  that  the  na¬ 
ture  of  latter  is  similar  to  the  of  macrostructure  (Figure  1). 


a) 


b) 

Figure  1  The  mac rost rue tural  fragments  (a)  and  autoradiographs  (b) 
of  the  same  portion  of  the  diameter  section  of  the  ingots 
of  1000  ran  in  diameter  (columnar  crystal  zone). 

Autoradiographs  do  not  show  the  development  of  the  siquation  zone  of  the 
carbon  in  the  ingot  volume.  The  socalized  accumulation  of  the  carbon  in  the 
form  of  inclusions  also  doesn't  exist,  which  indicates  the  complete  dissolu¬ 
tion  of  the  titanium  carbide  in  combination  with  the  radioactive  carbon. 
Carbon  isotope  decorates  each  cast  macrograin  along  it's  perimeter  and  is 
oriented  by  distributed  in  it.  The  orientation  of  the  observed  ranges  indi¬ 
cates  that  they  are  arranged  along  certain  crystallographic  planes.  This  ve- 


rifies  that  the  carbon  redistribution  in  the  grain  volume  occurs  with  the 
ingot  crystallization  in  the  beta-alpha  transformation  temperature  range  and 
conforms  Bockstein  et  al.  works  111  • 

The  arrangement  of  the  carbon  along  boundaries  of  the  cast  grain  can  be  due 
to  their  structure.  The  grain  boundary  being  a  hereditary  biography  of  cast 
metal  structure  are  characterized  by  lower  density  as  compared  to  the  parent 
metal  and  serves  as  "sinks"  where  the  carbon  is  detected  to  decreasing  the 
free  energy  of  the  system.  In  addition  the  higher  quantity  of  dislocations 
on  the  grain  boundary  cam  result  in  interaction  of  the  dislocations  intersti 
tials,  i.e.  carbon. 

However,  the  autoradiographs  doesn't  allow  to  evaluate  the  intercrystalline 
distribution  of  the  carbon  easy,  i.e.  either  it  arranges  along  the  subgrains 
or  is  drown  to  a  phase;  in  other  words,  the  macroautoradiographic  method  do¬ 
esn't  provide  the  required  resolution  to  study  microhexerogeniety.  Because 
of  this  the  microheterogeniety  of  the  carbon  distribution  was  studied. 

The  appreciable  increase  of  autoradiographic  resolution  was  obtained  due  to 
the  application  of  fine  grain  liquid  nuclear  emulsions,  which  allows  to  stu¬ 
dy  the  carbon  distribution  on  microsections  of  the  cast  structure  and  wroug¬ 
ht  metal. 

Figure  2  shows  the  microstructure  (a)  and  autoradiograph  (b)  of  the  cast  me- 


c) 


d) 


Figure  2  The  microstructural  fragments  (a)  and  the  autoradiographs 
of  specimens  of  cast  metal 
b  -  original  state 
c  -  water  quenching  from  1200°C 
d  -  slow  furnace  cooling  after  quenching. 


tal  specimens  with  magnification  of  500.  The  carbon  is  arranged  in  the 
grains  of  the  primary  alpha-phase  and  to  a  great  extent  in  the  section  of 
the  decomposed  beta-phase. 

The  investigation  of  the  carbon  distribution  in  the  heat  treated  by  diffe¬ 
rent  methods  cast  metal  verifies  the  observed  type  of  the  carbon  redistribu¬ 
tion  in  the  original  metal.  The  heating  and  exposure  of  the  metal  at  1200°C 
result  in  the  uniform  distribution  of  the  carbon  through  section  billet 
which  as  Figure  2  c  shows  i3  fixed  by  the  following  quenching.  At  the  same 
time  with  the  slow  furnace  cooling  of  the  prequenched  specimens  from 
range  the  geterogenous  distribution  of  the  carbon  similar  to  that  of  the 
cast  metal  without  supple  meutary  heat  treatment  with  boundary  enrichment  of 
individual  constituents  of  the  structure  (alpha-plates,  colony  of  unidirec- 
ted,  alpha-plates,  beta-grain  boundary)  is  observed.  Figure  2  d  indicates 
that  alpha-phase  plates  are  purified  of  the  carbon,  which  with  slow  cooling 
process  is  diffusing  to  the  boundaries,  decorating  them.  The  redistribution 
of  the  carbon  may  be  to  its  solubility  in  alpha-phase  with  temperature  vari¬ 
ation.  Thus  ,  at  900,  800  and  600°C  the  carbon  solubility  amounts  to  0.48%; 
0.27%  and  0.12%  respectively  /4/.  Here,  with  the  progressive  solubility  re¬ 
duction,  the  diffusion  proctss  results  in  the  carbon  diffusion  from  the  su¬ 
persaturated  alpha-phase  to  the  inter phase  boundaries.  Hence,  the  decorating 
nature  of  the  carbon  establisnes  the  metal  structure  as  chemical  etching 
does. 

The  above  mentioned  relationships  of  the  carbon  redistribution  in  the  cast 
metal  were  verified,  completely  on  the  forged  rods,  heat  treated  by  diffe¬ 
rent  methods.  The  prequenched  out  of  beta-range  (1200°C)  cast  billets  have 
been  forged  at  1100°C  (exposure  of  1.5  h)  to  square  rods  with  side  length  of 
16  nm  and  heat  treated  in  accordance  to  the  shidules: 

1)  100CTC,  1  h,  water  quenching; 

2)  1000°C,  1  h,  furnace  cooling. 

Figure  3  b,d  shows  that  in  the  quenched  material  the  carbon  is  uniformly  di¬ 
stributed  across  rod  section.  The  slow  furnace  cooling  results  in  the  en¬ 
richment  of  the  boundaries  of  the  individual  constituents,  similar  to  the 
cast  metal, decorating  them  on  autoradiographs,  Figure  3  c,e. 

The  performed  electronic-microscopic  investigation  of  the  autoradiographs- 
replics,  partially  represented  on  Figure  4,  verify  the  preferentiall  redis¬ 
tribution  of  the  carbon  along  the  interphase  boundaries  and  also  on  the  sub¬ 
boundaries  c;  alpha-plates  and  the  individual  structural  fragments  with  dif¬ 
ferent  orientation.  The  observed  form  of  the  accumulations  is  related  not  to 
the  carbon  but  to  the  large  magnification  (10000  times),  at  which  the  raugh- 
ness  of  the  constituents  of  the  emulsion  itself  is  appeared. 

Conclusion 

The  carbon  alloying  of  the  conmercial  ingots  of  the  pseudo-alpha  titanium 
alloys  amounting  to  0.1  %  doesn't  result  in  appreciable  evolution  of  micro¬ 
liquation  process  in  carbon  distribution.  At  the  same  time  tbs  microatuo- 
graphs  allow  to  defect  the  microheterogeniety  of  carbon  distribution  along 
the  interphase  boundaries  of  the  individual  structural  constituents:  alpha- 
plates  unidirected  colonies  of  alpha-plates,  beta-grain  boundaries. 

With  slow  cooling  the  alpha-phase  is  appreciably  released  of  the  carbon. 
Thus,  the  metal  hardening  due  to  carbon  input  can't  be  related  to  the 
conmon  solid  solution  mechanism  of  the  hardening  only.  The  carbon  concentra¬ 
tion  increase  along  the  boundaries  and  subboundaries  indicates  the  preteren- 
tial  effect  of  this  carbon  redistribution  on  metal  hardening. 

The  olid  ^xution  after  quenching  and  its  sensitivity  to  the  directed  re¬ 
distribution  with  slow  cooling  indicates  the  possible  heat  treatment  in¬ 
fluence  on  the  metal  properties  of  the  pseudo-alpha  alloys,  alloyed  by  the 
carbon. 


Figure  3  The  autoradiographs  of  the  original  oast  metal  (a)  and 
forged  specimens  heat  treated  as  foloows: 

b,  d  -  1000°C,  1  h,  water  quenching; 

c,  e  -  1000°C,  1  h,  furnace  cooling 


Figure  4  The  fragments  of  the  electronmicroscopic  autoradiographs 
of  the  cast  metal,  carbon,  isotope-14. 
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Abstract 

The  safety  of  air  transportation  partly  lies  in  Non  Destructive  Inspection.  From  the  titanium 
production  to  final  manufactured  parts  exploitation,  the  use  of  defect  free  materials  has  to  be 
guaranteed.  In  this  scope,  CEZUS  has  run  researcii  and  development  on  Ultrasonic  Inspection 
of  large  diameter  forged  bars.  The  paper  will  show  how,  progressively,  improvements  of 
methods  led  to  the  detection  of  flat  bottom  holes,  the  diameter  of  which  decreasing  from 
3/64"  (1.2  mm)  to  2/64"  (0.8  mm)  for  the  same  inspected  billet.  The  improvement  of  the 
conventional  procedure  was  to  increase  the  signal  to  noise  ratio  in  the  case  of  a+B  type 
titanium  alloys,  which  exhibit  a  rather  high  noise  level.  This  has  been  obtained  perfecting 
methodology  and  means  in  collaboration  with  FRAMATOME.  With  these  new  techniques, 
the  signal  to  noise  ratio  is  twice  larger  than  the  conventional  one,  and  the  detection  of  Flat 
Bottom  Holes  2/64"  is  possible  with  similar  confidence  level.  These  methods,  associated  with 
the  achievement  of  homogeneous  microstructures  throughout  the  large  forged  bar  diameter, 
makes  the  ultrasonic  inspection  easy  and  reliable. 

Introduction 

To  improve  and  to  insure  the  metallurgical  reliability  of  engine  critical  rotating  parts,  the 
american  Federal  Aviation  Administration  managed  a  comprehensive  review  and  analysis  to 
assess  titanium  producers  practices.  This  review  considered  all  pertinent  design, 
manufacturing,  quality  control  and  inspection  procedures.  As  a  result  of  it,  two 
recommendations  have  been  underlined: 

-  improvement  of  melting  practices  to  lower  the  risk  of  defect  nucleation,  which 
may  remain;  this  is  a  driving  force  for  the  classical  VAR  process 
optimization,  and  the  development  of  new  melting  procedures  such  as  Cold 
Hearth  Remelting  (CHR); 


The  developments  have  been  carried  out  in  collaboration  with  FRAMATOME. 
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-  improvement  of  Non  Detractive  Inspection  (NDI) . 

Of  course,  both  improvements  have  to  be  done  in  parallel.  Besides  its  fundamental  and 
applied  research  on  VAR  &  CHR,  CEZUS  has  long  invested  in  the  NDI  technique  Research 
and  Development,  and  has  sustain  its  efforts.  In  particular,  CEZUS  has  been  driven  to 
develop  an  original  technique  and  a  methodology,  in  collaboration  with  FRAMATOME.  As  a 
result,  a  high  level  of  performance  has  been  reached  allowing  improved  control  and 
subsequent  quality  of  large  diameter  forged  titanium  bars  and  billets  (dia.  250  mm  to  dia.  350 
mm). 

The  objectives  of  the  paper  are  to  show  the  significant  improvements  that  can  be  achieved  by 
improving  upon  the  conventional  Ultrasonic  Inspection  procedure  and  methodology. 

Material  and  experimental  procedures 

The  scope  of  the  paper  is  limited  to  Premium  Quality  Ti-6-4  titanium  alloy  (labeled 
hereinafter  Ti-6-4  PQ).  Large  diameter  250  to  330  mm  bars  have  been  forged  using  a  2500 
tons  fully  computerized  forging  press  facility.  Since  the  Ultrasonic  noise  level  is,  to  a  certain 
extent,  strongly  dependent  on  the  microstructure,  the  computerized  press  insures: 

-  the  homogeneity  along  the  bars  length  and  in  the  cross  sections, 

-  the  reproducibility  from  one  batch  to  another  one. 

As  a  result  of  the  controlled  thermomechanical  treatment,  the  macrostructure  is  homogeneous 
in  the  product  section,  as  shown  in  figure  1  (330  mm  dia.  bar).  The  microstructure  is  fine 
homogeneous,  and  exhibits  very  few  defects  such  as  a  stringer,  plate-like  a  and  banded 
structure.  In  figure  2,  such  a  microstructure  is  presented  with  an  average  a  grain  size  of 
approximately  20-30  pm. 

Ultrasonic  Inspection  of  these  bars  is  performed  in  immersion  by  reflecting  ultrasonic 
longitudinal  waves  pulses.  The  laters  are  generated  by  an  Ultrasonic  device  with  an  A-SCAN 
typed  visualisation  screen.  100%  volume  of  the  bar  is  scanned  by  the  transducer  longitudinal 
shift,  while  the  product  rotates.  The  probe  shift  rate  and  the  billet  rotation  rate  are  adjusted,  so 
that  the  sonic  beam  width  is  covered  with  at  least  50  %  efficiency. 

Methodology 


Conventional  procedure 

The  conventional  procedure  includes  first  the  sensitivity  calibration.  Before  the  beginning  of 
each  test,  a  reference  line  must  be  plotted  with  the  required  Flat  Bottom  Holes  (FBH  in  short 
in  the  following),  1 .2  mm  in  diameter  (3/64"),  at  suitable  metal  depth  in  a  standard  test  block. 
Then,  a  Distance-Amplitude  correction  curve  has  to  be  established  in  order  to  get  the 
reflection  amplitudes  of  the  references;  the  correction  accounts  of  the  scanned  distance.  At 
last,  signal  absorption  correction  is  performed  measuring  the  difference  between  the  signal 
due  to  the  FBH  reflector  and  the  rotating  bar,  to  get  the  same  amplidude  in  both  cases. 


lammnaau nt  the  pracdms 


Usually,  it  is  commonly  agreed  that  the  major  difficulty  encountered  in  ultrasonic  inspection 
of  a+B  typed  titanium  alloys,  such  as  Ti-6-4,  is  the  very  high  noise  level.  Consequently,  small 
defects  may  be  hidden  by  it  Therefore,  the  key  issue  for  the  development  of  a  new 
methodology  was  to  increase  Me  signal  to  noise  ratio.  This  has  been  realized  using  special 
equipment  and  changes  in  the  conventional  approach. 

Results 

In  this  section,  Ti-6-4  PQ  (330-350  mm  dia.  billet)  results  will  be  presented.  The 
macrostructure  and  microstructure  are  therefore  similar  to  that  of  figures  1  and  2.  In  figure  3 
and  4,  A-SCAN  plots  of  standard  test  blocks  are  shown.  The  actual  records  of  rotating  bars 
are  presented  in  figures  5  and  6.  The  noise  level  is  measured  on  the  analogic  record  and 
expressed  in  terms  of  equivalent  FBH  diameter.  The  signal  to  noise  ratio  is  the  one  between 
the  standard  test  block  FBH  reflector  and  the  noise  level  amplifications.  These  values  appear 
on  the  figures  5  and  6. 

The  recent  FAA  recommendations  for  improvement  of  material  reliability  are: 

-  Highest  standard  (smallest  reference)  practicable  for  the  size  of  part  being  inspected; 

-  Ultrasonic  control  detection  thresholds 

bars  and  Billets:  FBH  0  1/64"  (0.4  mm)  for  dia.  <  5"  ( 1 27  mm) 

FBH  0  2/64"  (0.8  mm)  for  5”  (127  mm)  <  dia.  <  10"  (250  mm) 

FBH  0  3/64"  (1.2  mm)  for  10"  (250  mm)  <  dia. 

semi-finished  disks:  FBH  0  1/64"  (0.4  mm) 

Since  1989,  the  FAA  recommendation  about  non  destructive  inspection  was  already  fulfilled 
with  respect  to  the  FBH  1.2  mm  (3/64")  detection  by  the  conventional  procedure.  In  figure  5, 
the  reference  level  is  shown.  The  maximum  recorded  noise  level  is  0.95  mm  equivalent 
diameter  and  the  signal  to  noise  ratio  is  about  4  dB.  Consequently,  any  penny  shaped  flaw, 
the  size  of  which  is  larger  than  1.2  mm  (3/64")  is  detected  without  ambiguity. 

With  the  new  equipment,  improved  inspection  is  now  possible.  The  signal  to  noise  ratio  is 
twice  larger  and  typically  of  8  dB  such  as  in  figure  6.  Not  only  the  FBH  1.2  mm  (3/64") 
detection  is  enhanced,  but  a'so  the  one  of  FBH  0.8  mm  (2/64")  is  possible  with  similar 
confidence  level.  For  ir.jiance,  in  figure  6,  the  maximum  recorded  noire  level  is  0.5  mm 
equivalent  FBH  diameter. 

Then,  this  on  line  procedure  enables  to  get  rid  of  smaller  defects  than  the  ones  specified  by 
the  FAA  guidelines.Undoubtely,  this  improved  procedure  is  one  step  ahead  the  FAA 
requirements  since  FBH  0.8  mm  (2/64")  detection  is  readily  achieved  on  bars  and  billets,  the 
diameter  of  which  exceeds  250  mm. 
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Conclusions 


The  CEZUS'  facilities  and  methods  for  Non  Destructive  Testing  by  Ultrasonic  Inspection, 
combined  with  performant  billet  production  and  microstruclure  control,  enable  high  product 
quality  on  large  diameter  forged  titanium  bars.  The  control  level  is  larger  than  that  of 
conventional  titanium  producers  state  of  an.  and  overcomes  the  FAA  specifications.  The 
signal  to  noise  ratio: 

-  complies  with  the  general  NDT  requirements  for  products,  the  diameter  of  which  is  lower 
than  350  mm. 

-  and  allows  the  detection  of  FBH  0.8  mm  (2/M”)  in  diameter. 

This  reinforces  the  confidence  level  for  the  use  of  titanium  products  for  compressor  disks 
aerospace  engines.  The  procedure,  presented  here  in  the  case  of  Ti-6-4  titanium  alloy,  is 
course,  extended  to  the  other  titanium  alloys. 


Figure  1:  Typical  0  330  mm  (13"  dia.)  Ti-6-4  PQ  macrostructure  of  a  forged  bar 
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Figure  2:  Typical  0  330  mm  (13"  dia.)  Ti-  1  PQ  microstructure  of  a  forged  bar 
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THE  ROLE  OF  MELT  RELATED  DEFECTS 


IN  FATIGUE  FAILURES  OF  Ti-A14V 
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Ahsttacl 

Engine  experience  compiled  by  the  FAA  shows  hard-alpha,  i.e.,  high 
interstitial  defects  (HID),  and  high  density  inclusions  (HDI)  to  be  deleterious  to 
lives  of  titanium  rotating  components.  This  study  seeks  to  quantify  the 
reduction  of  fatigue  life  caused  by  HID's  and  HDI’s  in  titanium  alloy  Ti-6A1- 
4V.  Titanium  nitride  and  tungsten  carbide  were  added  to  the  feedstock  of  the 
master  melt  to  induce  HID  and  HDI  defects,  respectively.  The  material  was 
double  vacuum-arc  remelted  and  received  the  conventional  Ti-6A1-4V 
thermomechanical  processing.  Positive  strain  fatigue  tests  were  conducted  at 
ambient  temperature.  Defects  can  decrease  the  fatigue  life  by  over  an  order  of 
magnitude,  depending  on  defect  morphology  and  position. 

Introduction 


The  fatigue  life  of  most  rotating,  titanium  gas  turbine  components  is 
predicted  based  on  the  assumption  that  the  material  is  free  of  melt  defects. 
However,  if  a  melt  defect  is  present,  premature  cracking  can  lead  to  a 
catastrophic  failure.  The  FAA  has  reported  25  cases  since  1962  of  disk  bursts 
or  premature  cracking  in  service  that  can  be  attributed  to  melt-related  defects 
[1].  In  spite  of  the  dangerous  and  sometimes  lethal  effect  of  these  defects,  little 
systematic  research  on  the  effects  of  these  defects  has  been  published.  Although 
considerable  industry  effort  is  now  focused  on  clean  melt  techniques  to 
eliminate  all  defects  from  titanium  alloy  ingots,  there  is  still  a  sizable  quantity 
of  double  and  triple  melt  material  still  in  service  that  has  not  benefited  from  the 
processing/inspection  changes  introduced  since  the  early  seventies. 

One  of  the  most  common  types  of  defects  is  the  high  interstitial  defect  (HID). 
These  defects  are  extremely  brittle  and  quite  difficult  to  locate  by 
nondestructive  inspection  methods.  From  the  center  of  the  defect  tu  the 
unaltered  material  [2],  the  hardness  can  vary  from  Rockwell  C  hardness  of  -80 
to  32.  Ultrasonic  inspection  is  the  most  heavily  relied  upon  method  for 
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detection  of  HID's  [3].  This  inspection  technique  relies  on  the  presence  of  a 
void  or  crack  to  provide  a  surface  that  will  reflect/deflect  the  inspecting  wave. 
Although  a  void  is  often  associated  with  a  HID  [4],  there  have  been  no 
systematic  studies  to  establish  the  void  formation  mechanism.  Since  the 
presence  of  a  void  cannot  be  assured,  defects  can  easily  go  undetected. 

The  effect  of  high  density  inclusions  (HDI's)  was  also  studied,  though  they 
are  less  commonly  seen  than  HID's.  HDI’s  are  often  brittle  and  also  represent  a 
stress  concentration,  but  they  are  more  easily  found  with  current  inspection 
methods.  These  defects  are  consistently  found  during  X-ray  inspection  because 
their  density  is  much  higher  than  the  surrounding  titanium  matrix.  However, 
increasing  the  rate  of  recycling  Ti  scrap  increases  the  likelihood  of  such  defects 
occurring.  Since  attempts  to  reduce  costs  may  increase  recycling,  the  incidence 
of  HDI's  could  rise.  It  is  therefore  necessary  to  understand  their  behavior  in 
light  of  defect  free  assumptions  in  life  prediction  practices. 

The  present  study  was  undertaken  to  provide  data  defining  the  effect  of  hard 
alpha  and  HDI's  on  fatigue  properties  of  titanium  alloy  Ti-6A1-4V  (Ti  6-4). 
We  will  also  seek  to  define  the  relationship  between  property  degradation  and 
defect  type,  and  location. 

Experimental  Procedure 

Two  types  of  Ti  6-4  were  tested.  The  first  lot  was  triple  vacuum  melted 
(TVM)  material  purchased  as  28.5  mm  (1.125  in.)  bar  stock.  The  second  lot 
was  seeded  with  defects  and  double  vacuum  arc  remelted.  Two,  rather  than  the 
current  industry  standard  of  three  melt  operations,  were  chosen  to  increase  the 
probability  of  retaining  defects  in  the  material.  The  initial  furnace  charge  of 
907  kg  (2000  lb..)  contained  compacts  of  master  alloy,  elemental  aluminum  and 
elemental  vanadium,  5%  recycled  Ti  6-4  scrap,  1.8%  nitrided  titanium  sponge 
(about  40  seeds/kg),  and  0.079%  tungsten  carbide  tool  bit  inserts  (about  0.02 
seeds/kg).  The  400  mm  (16  in.)  diameter  double  melt  ingot  was  beta  forged  to 
203  mm  (8  in.)  diameter,  and  the  top  l/8th  of  the  ingot  was  alpha/beta  forged  to 
76  mm  diameter  according  to  conventional  practices  [5]. 

The  titanium  nitride  seeds  were  produced  by  nitriding  virgin  Ti  sponge  at 
950°C  (1750°F)  for  24  hours,  building  on  a  practice  developed  by  TIMET  [6]. 
The  nitrided  sponge  was  crushed  and  screened  between  3  to  6  mm  (-1-1/8  in.  -1/4 
in.).  The  nitrided  seeds  contained  11  weight  percent  nitrogen  and  the  balance 
titanium.  X-ray  analysis  revealed  the  presence  of  both  TiN  and  T^N  in  the 
nitrided  seeds.  The  seeds  were  very  friable  and  were  encased  in  titanium  foil  to 
prevent  crushing  during  feed  stock  compaction. 

The  tungsten  carbide  tool  bit  inserts  were  introduced  as  received  from  the 
manufacturer.  Although  these  inserts  contain  cobalt,  the  resultant  concentration 
would  be  about  4  ppm,  and  insufficient  to  cause  significant  changes  in  the 
material. 

The  76  mm  diameter  baretock  was  solution  heat  treated  at  898°C  (1816°F) 
for  one  hour  and  then  water  quenched.  The  beta  transus  (Tb)  was  determined 
metallographically  to  be  101 9°C  (1866°F)  in  the  seeded  material  and  was 
1005°C  (1842°F)  in  the  TVM  material.  The  solution  temperature  was  set  to 
28°C  (50°F)  below  Tb.  This  was  followed  by  overaging  for  two  hours  at  649°C 
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(1200°F),  then  air  cooling  to  room  temperature.  The  resultant  alloy 
microstructure  was  a  primary  alpha  phase  dispersed  in  a  very  fine  transformed 
beta  structure  as  shown  in  Figure  1.  The  primary  alpha  content  was  determined 
optically  to  be  -50%,  and  the  nominal  transformed  beta  structure  platelet 
thickness  is  -0.5  mm.  The  analyzed  chemistry  of  the  ingot  is  given  in  Table  1, 
which  shows  the  very  high  nitrogen  content  that  resulted  from  the  high  seeding 
rate. 


Table  1.  Analyzed  chemistry  of  Ti-6A1-4V  (wt.%). 


Material 

A1 

V 

Fe 

O 

N 

C 

H 

Seeded 

6.19 

3.97 

0.01 

0.07 

0.13 

0.004 

0.0006 

TVM 

6.43 

4.27 

0.21 

0.18 

0.01 

0.0038 

The  fatigue  and  tensile  bars  were  machined  with  the  longitudinal  axis  of  the 
test  bar  parallel  with  that  of  the  barstock.  A  10  mm  (0.4")  diameter  smooth 
fatigue  bar  with  a  54  mm  (2.25")  gage  length  was  used  to  maximize  the 
probability  of  having  defects  in  the  gage  section.  The  gage  section  was  low 
stress  ground  and  longitudinally  polished. 

Three  ambient  temperature  tensile  tests  were  performed  to  determine 
whether  the  basic  mechanical  behavior  of  the  seeded  material  had  been  altered 
by  the  defects  or  the  increased  nitrogen  concentration.  A  strength  increase  was 
observed,  but  the  ductility  remained  nearly  the  same  (Table  2).  The  strength 
difference  seen  may  be  attributed  to  the  marked  increase  of  nitrogen  and/or  the 
very  fine  transformed  beta  structure. 


Table  2.  Ambient  temperature  tensile  properties  of  seeded  Ti-6A1-4V. 


Material 

UTS 

Elongation 

R.A. 

(MPa) 

(%) 

(SO 

Seeded 

1128 

1094 

14.3 

40.8 

TVM 

1034 

959 

14.0 

42.1 

Standard  [71 

972 

855 

15 

43.0 

All  fatigue  tests  were  performed  using  a  servo-hydraulic  load  frame  in  axial 
total  strain  control;  test  control  and  data  acquisition  were  automated.  Strain  was 
monitored  using  a  25  mm  (1")  gage  length  extensometer.  The  tests  were 
performed  at  room  temperature  since  the  character  of  the  fatigue  behavior  is 
similar  up  to  204' “C  (400°F),  a  typical  upper  limit  for  the  use  of  Ti  6-4  in  gas 
turbine  engines.  The  fatigue  tests  were  run  under  a  sinusoidal  wave  form  at  a 
frequency  of  1  Hz  at  Re=0  and  with  Ae=l%  or  Ae=0.8%.  Ae=l%  tests  were 
performed  on  the  specimens  with  the  smallest  visible  surface  defects.  Hysteresis 
loops  were  observed  during  shake  down  to  establish  cyclic  hardening  or 
softening  behavior.  After  shake  down,  loops  were  taken  at  an  appropriate 
interval  to  monitor  plastic  strain  levels. 

The  fracture  surface  of  each  fatigue  specimen  was  examined  using  optical 
and  scanning  electron  microscopy  to  characterize  the  initiation  site  and  to 
correlate  crack  path  features  with  changes  in  behavior  induced  by  a  defect.  The 
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fatigue  fractures  were  then  cross-sectioned  perpendicular  to  the  fracture  surface 
to  reveal  the  microstructure  adjacent  to  the  initiation  site  [8].  Where  a  defect 
was  seen  to  initiate  a  fracture,  several  Knoop  microhardness  measurements 
were  made  in  and  near  the  defect  using  a  200g  load. 

Results  and  Discussion 

The  initiation  sites  of  the  fatigue  cracks  of  all  of  the  specimens  from  TVM 
material  occurred  at  the  surfaces  of  the  specimens.  Of  the  seeded  specimens 
tested,  two  initiated  fatigue  cracks  from  the  surface  with  no  apparent  defects 
while  defects  where  found  at  the  fracture  initiation  sites  of  the  remaining 
specimens.  The  fatigue  life  results  are  summarized  in  Figures  2  and  3  for 
Ae=l%  and  Ae=0.8%  respectively.  For  Ae=l%,  the  specimens  with  defects  had 
lives  approximately  an  order  of  magnitude  shorter  than  specimens  with  no 
defects.  There  is  no  statistical  difference  between  the  lives  in  the  standard  TVM 
and  the  seeded  material  in  the  case  where  the  seeded  material  did  not  initiate  a 
crack  at  an  inclusion.  For  Ae=0.8%,  all  of  the  specimens  from  the  seeded 
material  initiated  at  defects,  and  their  lives  were  less  than  an  order  of  magnitude 
less  than  the  lives  of  the  triple  melted  material. 

Figure  4  shows  the  origin  of  a  typical  fracture  surface.  This  fractograph 
shows  initiation  at  a  HID  which  has  an  associated  void.  The  first  few  hundred 
microns  of  crack  growth  are  characterized  by  a  significant  amount  of  cleavage 
type  fracture  as  shown  in  Figure  3.  The  next  region  of  fracture  is  characterized 
by  striated  crack  growth  which  is  followed  by  microvoid  coalescence  in  the 
final  fracture  region.  This  sequence  of  fracture  morphology  is  found  in  both 
defect  initiated  fractures  and  surface  initiated  fractures.  Striation  counts  from 
SEM  fractographs  show  little  variation  from  specimen  to  specimen  within  a 
single  strain  range. 

Cross-sectional  metallography  of  the  defect  initiated  fractures  was  used  to 
verify  the  presence  of  HID  and  HDI  defects.  Figure  6  shows  an  internal  cavity 
associated  with  a  HID.  1111$  cavity  was  surrounded  by  stabilized  alpha  phase. 
This  stabilized  alpha  was  significantly  harder  than  the  bulk  alpha,  as  measured 
by  Knoop  microhardness.  The  microstructure  directly  beneath  the  defect  in  this 
figure  shows  evidence  of  anisotropic  flow. 

Specimen  C  had  a  tungsten-rich  area  at  the  crack  initiation.  Standardless 
EDS  determined  the  rough  chemistry  of  the  defect  to  be  78wt%  W,  18wt%  Ti 
and  3wt%  Al. 

Although  there  was  some  variation  in  size  and  location  among  the  defects,  no 
simple  correlation  with  life  could  be  drawn. 

Conclusions 

The  data  in  this  study  begins  to  quantify  the  reduction  in  fatigue  life 
caused  by  melt-related  defects. 

1 )  Based  on  these  tests,  HID  and  HDI  defects  can  reduce  fatigue  life  by 
an  order  of  magnitude. 

2)  Holding  size  and  hardness  constant,  HID's  and  HDI’s  cause  similar 
reductions  in  fatigue  life. 
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3)  Comparison  of  striation  densities  as  a  function  of  crack  length 
suggest  Stage  II  crack  growth  is  independent  of  whether  or  not  the 
crack  was  initiated  from  a  defect . 

In  order  to  improve  the  reliability  of  rotating,  titanium-based  gas  turbine 
components,  many  parameters  related  to  the  behavior  of  these  defects  must  be 
understood.  This  study  is  continuing  to  gain  a  quantitative  understanding  of  the 
effect  of  defects  on  fatigue  life  in  different  loading  conditions. 
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Figure  I.  Ti  6A1-4V  STOA  Microstnicture  of  76.2  mm  (3  in.)  Barstock  on  the 
Transverse  Plane 
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Figure  2.  Life  at  1%  Total  Strain. 
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Cycles  to  Failure 
Figure  3. Life  at  0.8%  Total  Strain. 


Figure  4.  Cavity  and  HID  at  Origin  of  Specimen  tested  at  1%  Total  Strain 
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Figure  5.  Cleavage  Fracture  Near  the  Initiation  of  One  of  the  Specimens  which 
had  a  Surface  Initiated  Failure. 


Figure  6.  Microstructure  of  an  HID  with  an  associated  void  which  initiated  the 
fatigue  crack  in  one  of  the  1%  Total  Strain  Tests. 
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Abstract 


The  requirements  for  aerospace  materials  are  primarily  spurred  by  Improved 
specific-strength  and  elevated-temperature  capabilities;  these  requirements 
confer  a  key  role  on  titanium  alloys. 

The  paper  vill  review  major  Ti-alloy  developments  and  applications  in  the 
European  aerospace  Industry.  Emphasis  is  placed  on  new  alloys  as  well  as 
advanced  manufacturing  technologies.  Ongoing  and  future  activities  will  be 
outlined  for  civil  and  military  projects,  mainly  in  airframe  and  engine 
component  production. 

Activities  relating  to  future  hypersonic  vehicles,  such  as  Hermes,  Singer 
and  Hotol,  have  led  to  research  and  development  programs  concerning  Tl 
aluminldes,  as  well  as  titanium  and  lntermetalllc  matrix  composites. 
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Introduction 


There  Is  probably  no  other  aetal  systea  vhich  is  aore  relevant  to  aerospace 
applications  than  Ti  alloys.  91th  only  about  half  the  density  of  steels  or 
superalloys,  Tl  alloys  yield  an  excellent  strength-to-weight  ratio.  Their 
corrosion  resistance  Is  excellent,  their  abundance  essentially  unllaited. 
However,  the  reduction  technology  to  reduce  the  ores  to  aetal  is  energy  and 
cost-intensive,  the  priae  reason  for  their  relatively  high  price.  In 
suanary,  all  these  technical  factors  Bake  Ti  alloys  priae  candidates  for 
aerospace  applications.  Therefore  it  is  not  surprising  that  -  despite  great 
efforts  by  industry  to  increase  the  aarket  share  of  general  industrial 
applications  -  nost  of  the  titaniua  alloys  used  to  date  go  into  aerospace. 
About  71  of  civil  structural  aircraft  weight  and  as  auch  as  20  to  25X  of 
the  structural  weight  of  aodern  ailitary  aircraft  is  accounted  for  by 
titaniua,  with  gas  turbine  engines  consuaing  a  substantially  higher  portion 
than  alrfraaes  relative  to  their  weight  |1). 

The  following  chapters  will  outline  the  present  application  of  Tl  alloys  in 
the  European  aerospace  industry,  and  recent  developaents  will  be  stressed 
as  well  as  future-oriented  applications. 

Producers  and  Users 


Host  of  the  titaniua  sponge  needed  in  Europe  has  to  be  iaported,  mainly 
from  the  former  Soviet  Union  and  Japan.  The  three  aain  titaniua  producers 
in  Europe  are  IHI  Titaniua  in  the  United  Klngdoa,  CEZUS  in  France  and 
Deutsche  Titan  in  Germany.  A  full  range  of  titaniua  semi-products  for  the 
aerospace  industry  is  fabricated  all  over  Europe  with  the  aain  coapanies 
again  located  in  France,  Germany,  and  the  United  Kingdom  (2). 

Certainly  the  biggest  European  alrfraae  manufacturer  is  Airbus  Industrie. 
Today  the  four  partners  Adrospatiale,  British  Aerospace,  CASA  and  Deutsche 
Airbus  produce  the  A300,  A310  and  A320,  with  the  A330/340  and  A321  to  be 
put  into  service  soon.  Smaller  transport  and  coaauter  aircraft  built  in 
Europe  include  the  BAe  146,  the  Fokker  F50  and  F100,  the 
Adrospatlale/Alenia  ATR42/72,  the  Saab  340  and  2000,  the  Dornler  228/328, 
the  Shorts  330/360,  the  BAe  Jetstreaas  and  the  Dassault/Breguet  Falcons. 

The  multi-role  combat  aircraft  Tornado  is  built  jointly  by  British 
Aerospace,  Alenla  and  HBB.  With  the  proposed  Eurofighter  (EFA/J90),  this 
military  alliance,  including  CASA,  will  extend  into  the  next  century.  Other 
major  national  military  aircraft  include  the  Hirage,  Rafale 
(Dassault/Breguet),  Harrier  (British  Aerospace),  and  Vlggen  (Saab-Scanla) . 
Eurocopter  (Adrospatiale/MBB)  and  Vestland  are  the  main  European  companies 
to  produce  helicopters. 

Uith  Rolls-Royce,  one  of  the  three  leading  engine  manufacturers  is  based  in 
Europe.  The  other  two,  General  Electric  and  Pratt  6  tfhitney,  USA,  have 
established  close  ties  to  Europe  through  Snecma  (CFH  International)  and 
HTU,  respectively.  Recently,  Rolls-Royce  teamed  with  BHV  to  form  BHU 
Rolls-Royce  Aero  Engines.  Other  national  engine  manufacturers  include 
Turbomeca,  KHD  Luftfahrttechnlk,  FlatAvlo  and  Volvo  Flygmotor.  Rolls-Royce, 
MTU  and  Fiat  partner  International  Aero  Engines  to  produce  the  V2500.  They 
also  build  the  RB199  and  -  jointly  with  ITP  -  the  EJ200. 

Future  developments  in  civil  aviation  in  Europe  will  possibly  include  the 
extension  of  the  Airbus  family  in  the  shape  of  an  Ultra  High  Capacity 
Aircraft  (UHCA)  in  the  600-800-seat  range.  The  consortium  is  anticipating 
launching  the  programme  in  the  1995-97  period,  with  service  to  begin  not 
before  the  next  decade.  A  European  industry  team  -  Euroflag  (European 
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Future  Large  Aircraft  Group)  -  Including  Airotpatlale,  Alenla,  British 
Aerospace,  CASA  and  Deutsche  Airbus  has  started  a  pre-feasibility  study  on 
a  Future  Large  Aircraft  (FLA),  which  is  slated  to  enter  service  in  the  next 
decade  as  a  multi-role  Military  airllfter. 

Preliminary  studies  on  a  second-generation  supersonic  civil  aircraft  as  a 
successor  to  Concorde  are  under  vay.  British  Aerospace  and  Aerospatiale 
teamed  to  combine  their  efforts,  which  had  so  far  separately  involved  the 
British  AST  (Advanced  Supersonic  Transport)  and  the  French  ATSF  (Avion  de 
Transport  Supersonique  Futur). 

During  the  first  decade  of  the  new  Millennium,  the  European  Space  Agency 
(ESA)  plans  to  launch  its  first  Manned  flight  with  the  Hemes  reusable 
spaceplane.  The  Arlane  5  has  to  be  further  developed  to  provide  the 
necessary  dispensable  rocket  technology.  National  hypersonlcs  technology 
programs  like  Singer  in  Germany  or  Hotol  in  the  UK  are  aiming  at  fully 
reusable  winged  space  transportation  systems. 

Applications  in  Airframes  and  Space  Structures 

Ti  alloys  meanwhile  are  well  established  as  engineering  materials  for 
fuselage  and  space  applications  in  the  European  aerospace  industry.  An 
Airbus  study  on  the  development  of  the  material  distribution  of  airframe 
materials  for  today's  and  future  airplanes  in  figure  1  demonstrates 
relatively  low  variations  in  the  use  of  titanium  between  about  *  and  IX. 

The  titanium  content  of  military  aircraft  exhibits  a  greater  variation  and 
a  higher  share  of  up  to  201,  depending  on  the  special  strategic 
configurations. 

S  Materials  distribution  on  Airbus  aircraft 


Figure  1  -  Haterial  distribution  in  the  Airbus  family. 

A  unique  combination  of  mechanical  properties  -  such  as  excellent  specific 
strength  and  corrosion  resistance  together  with  good  fatigue  behaviour  as 
well  as  sufficient  fracture  toughness  values  for  many  applications  -  is  the 
main  reason  for  using  Tl  alloys  for  airframes  and  space  applications.  Up  to 
now  the  advantage  offered  by  the  good  high-temperature  properties  of  Ti 
alloys  has  hardly  been  exploited  for  fuselage  applications.  This  may  change 
due  to  the  development  and  introduction  of  supersonic  and  hypersonic 
transport  airplanes.  Excellent  compatibility  between  Ti  alloys  and  CFRP 


materials  will  increase  the  Importance  of  titanium  alloys  for  future 
airframe  applications. 

The  main  limitations  for  use  in  airframes  are  the  relatively  low  elastic 
modulus  of  Ti  alloys  and  in  particular  the  high  price.  Consequently, 
particle-reinforced  aluminium  alloys  (HMCs)  have  the  potential  to  partly 
replace  Ti  alloys  under  certain  conditions  for  stiffness-critical 
applications. 

T16A14V  is  still  the  airframe  and  space  Ti  alloy  in  Europe.  Its  combination 
of  properties  together  with  the  availability  of  an  almost  unlimited  data 
base  and  fabrication  experience  fulfill  the  requirements  for  structural 
applications.  In  most  cases  it  is  used  in  an  annealed,  l.e.  stress-relieved 
condition;  only  for  special  weight  requirements,  mainly  for  use  in  space, 
is  the  heat-treated  condition  preferred. 

In  contrast  to  aero  engines,  the  motivation  to  choose  new  Ti  alloys  for 
fuselage  applications  is  relatively  low  and  limited  to  special  applications 
such  as  T13A12.5V  for  hydraulic  tubings,  T110V2Fe3Al  for  forgings  with 
higher  strength  and  fatigue  requirements,  and  Ti  1100,  a  sheet  material  for 
future  hypersonic  applications.  In  the  UK  IHI  550  is  quite  often  used, 
particularly  for  forged  parts. 

Instead,  the  high  price  of  Ti  alloys  has  intensified  the  development  of 
near-net-shape  production  techniques  with  the  objective  of  better  material 
usage  and  reduced  assembly  effort.  The  amount  of  parts  made  by  machining 
from  plates  is  reduced  in  favour  of  Investment  casting,  net-shape  forging 
and  superplastic  forming  with  and  without  diffusion  bonding. 

The  Tornado  wing  box  is  an  impressive  example  of  the  use  of  T16A14V  plates 
with  extensive  NC  milling.  The  single  parts  are  joined  by  EB  welding.  The 
dimensions  are  3550mm  x  1025mm  x  580mm,  the  final  weight  is  438  kg,  the 
weight  of  raw  material  2200  kg  with  a  machining  degree  of  about  83X.  Figure 
2  shows  the  completely  assembled  Tornado  wing  box. 


Figure  2  -  Tornado  wing  box. 

Forging  technology  is  still  dominant  in  producing  titanium  semi-products 
for  fuselage  and  space  applications.  Their  machining  degree  is  mostly  lower 
in  comparison  to  plates,  and  the  potential  for  taking  further  advantage  of 
reducing  this  by  a  consequent  development  of  isothermal  forging 
technologies  has  not  yet  been  exhausted.  Tooling  materials  for  temperatures 
higher  than  900*C  and  tooling  costs  are  the  main  restraints  for  extensive 
Isothermal  forging.  Typical  examples  of  aerospace  forgings  are  hemispheres 
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for  satellite  tanks,  helicopter  rotor  hubs,  >aln  structural  parts  for 
Airbus  pylons,  flap  tracks  and  slat  tracks,  fittings  for  different 
applications  and  of  different  sizes,  and  many  other  parts.  Figure  3  shows 
as  an  example  the  complete  rotor  system  of  the  BO  105  and  BK  117 
helicopters,  which  is  produced  from  T16A1AV  forgings  by  Bdhler.  A 
development  program  conducted  by  Oestland  Helicopters  and  Otto  Fuchs 
Hetallverke  aims  at  using  TilOV2Fe3Al  for  a  helicopter  rotor  hub.  Higher 
strength  and  fatigue  values  offer  distinct  weight  savings  in  comparison  to 
T16A14V. 


Figure  3  -  Forged  rotor  hub  of  the  BO  105  and  BK  117  helicopters. 

The  developments  in  powder  metallurgy  concerning  Ti  alloys  in  Europe  during 
the  last  decade  with  the  objective  of  reducing  costs  by  producing 
near-net- shape  products  with  less  or  no  further  machining  failed.  Only  the 
production  of  PH  parts  without  further  machining  pared  costs,  but  this 
could  not  be  realized  for  most  of  the  parts. 

The  highest  potential  for  reducing  cost  through  near-net-shape  production 
is  offered  by  Investment  casting  technology.  Other  advantages  are  high 
dimensional  accuracy,  good  surface  finish,  and  in  the  meantime  highly 
reproducible  mechanical  properties.  Over  the  last  decade  tangible 
improvements  in  this  technology  have  been  realized.  Up  to  now  many 
different  parts  have  reached  production  status,  for  instance  various 
fittings,  knots,  engine  nacelle  structures,  and  flaps.  Figure  » 
demonstrates  the  advantages  of  this  technology  and  shows  a  highly 
complicated  rudder  fitting  for  the  EFA/J90. 

The  share  of  T16A14V  sheets  has  clearly  Increased  in  conjunction  with  the 
successful  developments  in  superplastic  forming  and  superplastic  formlng/- 
dlffuslon  bonding  over  the  last  decade.  This  technology  has  now  reached 
production  status  of  a  very  high  level  at  all  European  aerospace  companies. 
Impressive  examples  have  been  in  production  at  Adrospatlale,  Alenia,  BAe, 
CASA,  Dassault,  Deutsche  Airbus,  Dornler,  and  HBB  for  different  projects. 
Typical  examples  are  jack  cans,  wing  access  panels,  tail  cones,  maintenance 
panels,  slat  track  cans,  fin  structures,  canards,  flaperons,  foreplanes, 
keel  structures,  heat  exchanger  ducts,  rear  fuselage  structures,  after  and 
middle  after  keels,  fire  bulkheads,  fire  floors,  and  satellite  tank 


he.isPheres.  Two  typical  parts  have  been  selected  as  examples  In  figures  5 
and  6.  figure  5  shows  an  Airbus  SPF/T16A14V  maintenance  panel,  which  is 
produced  at  NBB  with  cost  savings  of  about  301  in  comparison  with  the 

*ulti‘par*  structure;  figure  6  demonstrates  the  high  status  of 
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Titanium  tubings  meanwhile  have  replaced  steel  tubings  in  most  new 
airplanes,  such  as  the  EFA/J90  and  Airbus  A320/340.  The  alloy  T13A12.5V  has 

fne°  b!C?Uf*  °!  *5*  g00d  co"Promis «  it  offers  between  strength  and 

formability.  Joining  is  done  by  orbit  welding  (EFA)  or,  using  a  more 
conventional  technique,  by  swaging  (Airbus). 


Figure  4  -  EFA/J90,  T16A14V,  rudder  fitting,  made  by  investment 
casting. 


Figure  5  -  SPP/T16A14V  maintenance  panel  for  Airbus  A340  (NBB) . 


figure  6  -  SPF/DB  T16A14V  Mirage  2000  leading  edge  slat  (Dassault). 
Applications  in  Aero  Engines 

In  aero  engines  Ti  alloys  always  compete  with  Ni-base  superalloys;  the  use 
of  new  Ti  alloys  is  of  greater  importance  compared  to  airframes. 

The  low  density  of  titanium  offers  the  advantage  of  weight  savings  and 
consequently  a  potential  for  improving  the  efficiency  of  modern  jet  engines 
(3).  To  realize  better  engine  performance,  the  temperatures  at  which 
titanium  alloys  must  operate  have  continuously  been  increased.  Figure  7 
demonstrates  the  improvements  in  yield  strength  and  creep  resistance  versus 
temperature  in  the  following  sequence:  Ti-64,  Ti-6242,  IMI  685,  IMI  834  and 
TijAl  base  alloy.  The  application  of  high-temperature  Ti  alloys  in  relation 
to  turboshaft  engines  is  illustrated  in  figure  8  in  a  similar  order. 
Compressor  wheels  (impellers)  are  the  main  application  of  Ti  alloys  in 
these  turboshafts. 


The  compressors  of  engines  developed  in  the  seventies  (ARRIEL,  ADOUR,  •••) 
were  composed  of  one  or  multiple  axial  stages  followed  by  one  centrifugal 
compressor.  In  more  recent  engines  (MTR  390,  ...)•  this  configuration  tends 
to  replace  single  or  bi-centrifugal  compressors.  Since  the  pressure  ratio 
and  the  rotation  speed  tend  to  increase,  the  operating  temperatures  and  the 
stresses  are  consistently  rising.  The  high-temperature  strength  of  alloys 
such  as  Ti-6242  and  Ti-6246  allow  them  to  be  used  up  to  450  -  500*C.  These 
alloys  are  sufficient  for  engines  which  have  completed  development. 

For  newer  engines,  temperature  capabilities  up  to  600*C  will  be  necessary. 
Alloys  such  as  IMI  834  or  Ti-1100  might  have  this  capability,  but  the 
required  high-temperature  strength  combined  with  surface  stability  might 
possibly  reach  or  exceed  their  limits.  Therefore  development  of 
high-temperature,  high-strength  alloys  (maybe  Ti  aluminide;)  is  vital. 
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Figure  7  -  Yield  strength  and  creep  resistance  versus  temperature  for 
different  Ti  alloys. 


Titanium  Alloys  in  Turboshafts 


Figure  8  -  Ti  alloys  in  turboshaft  applications  (Turbomeca). 

As  pressure  ratio  and  service  teaperature  increase,  different  aspects 
become  more  and  more  critical  and  therefore  urgently  need  to  be  assessed, 
for  instances  oxidation  resistance,  fire  resistance,  hot  salt  corrosion, 
erosion  resistance,  foreign-object  impact  resistance,  multiaxlal  fatigue 
sensitivity,  surface  finish  sensitivity. 

Ti  alloys  are  also  being  used  increasingly  in  Jet  engine  compressors. 
Typical  parts  are  discs,  blades,  bllscs  (bladed  disc),  and  casings.  Some 
examples  are  illustrated  in  figure  9  for  the  RB  199  Jet  engine  in  the  low, 
intermediate,  and  high-pressure  compressor,  respectively.  In  more  recent 
designs,  as  depicted  in  figure  10  for  EJ  200,  the  compressor  consists  of  a 
low  and  high-pressure  (LPC,  HPC)  part  only.  The  LPC  is  built  entirely  of  Ti 
alloys,  but  the  all-titanium  rotor  is  still  a  challenge  for  the  HPC.  The 
highest  envisaged  operating  temperatures  are  currently  around  600'C. 

IHI  834  has  been  chosen  for  disc  application  up  to  that  temperature.  How  to 
obtain  optimized  mechanical  properties  through  thermomechanical  and  heat 
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treatments  has  been  described  recently  |4].  The  cooperative  work  between 
IMI  and  MTU  as  titaniun  producer  and  applicant,  respectively,  yielded 
important  inputs  towards  this  end. 


R8199 
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Figure  9  -  Titaniun  parts  in  the  RB  199  jet  engine. 
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Figure  10  -  EFA/EJ  200  workshare. 

Future  Applications  of  Advanced  T1  Alloys 

Host  of  the  future-oriented  aerospace  applications,  such  as  super-  and 
hypersonic  vehicles  as  well  as  advanced  engine  concepts,  have  stressed  the 
need  to  further  Increase  the  present  temperature  barrier  of  Ti  alloys  well 
beyond  600*0  as  well  as  to  increase  the  stiffness  of  Tl  alloys. 

The  realization  of  Singer,  the  reference  concept  for  the  German  Hypersonics 
Technology  Programme  for  a  future  space  transportation  system,  depends  on 
the  existence  of  materials  and  structures  which  satisfy  the  high 
thermomechanical  requirements  of  the  mission  [5).  Today  the  structural 
concept  of  major  parts  of  the  fuselage,  the  wings  and  stabilizers  of  the 
first  stage  is  based  on  an  unprotected  hot  structure.  Even  under  the  most 
extreme  flight  conditions  before  stage  separation,  about  SOX  of  the  outer 
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skin  will  experience  temperatures  lower  than  600"C  and  can  therefore  be 
realized  with  Ti-1100  or  IH1  829,  or  even  T16A14V  sheets,  figure  11  shows 
a  development  part  for  a  wing  leading  edge  structure,  a  Ti  alloy  sandwich 
design,  developed  at  Deutsche  Airbus. 


Figure  11  -  Wing  leading  edge  structural  part. 

Ti  aluminides  and  metal  matrix  composites  have  to  be  used  to  meet  higher 
temperature  or  stiffness  requirements,  provided  that  development  is 
finished  early  enough. 

As  far  as  aero  engines  are  concerned,  a  further  Increase  in  temperature 
capability  is  expected  of  Ti  aluminides.  Figure  12  indicates  the  areas  of 
possible  applications  in  the  high-pressure  compressor  and  low-pressure 
turbine  (LPT).  Typical  parts  are  discs,  blades,  vanes  and  casings. 

Research  work  in  Europe  on  Ti  aluminides  first  concentrated  on 
TljAl,  then  on  TiAl.  In  the  eighties  most  activities  were  conducted  on  a 
national  research  basis.  In  Germany  an  extensive  programme  on  TiAl  is 
running  as  part  of  the  government-funded  ’National  Materials  Research 
Programme’  (HATFO).  A  4-year  programme  started  in  1990  involving  a  total 
amount  of  about  10  mill.  $.,  which  is  subdivided  into  the  3  topics  "Sheets 
and  foils  for  hypersonic  vehicles",  "Turbine  components",  and  "Motor 
components".  Partners  in  this  cooperative  programme  come  from  universities, 
research  institutes,  and  producer  and  user  companies.  TiAl  blade  and  vane 
prototype  castings  (Figure  13)  have  been  produced  in  this  programme  by 
Tital  for  MTU.  These  castings  exhibited  excellent  fatigue  properties  (HCF), 
sufficient  creep  strength,  and  room-temperature  fracture  toughness  up  to  30 
MPa  V  m  despite  tensile  ductility  values  around  2  to  3  per  cent  |6). 

Numerous  efforts  have  been  expended  on  the  thermomechanical  processing  of 
Super  Alpha  Two  |7).  Its  bi-modal  microstructure  (equiaxed  primary  a2  in 
lamellar  a2*02  matrix)  in  comparison  to  IMI  834  was  found  to  be  superior  in 
fatigue  (HCF)  and  creep  properties  |8|.  With  a  potential  application 
temperature  of  650"C,  Super  Alpha  Two  is  suitable  for  blades  and  possibly 
for  discs  in  the  last  stages  of  high-pressure  compressors  (HPC).  Similar 
temperatures  also  prevail  in  the  last  stages  of  low-pressure  turbines 
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(LPT),  but  the  decisive  difference  is  the  hostile  turbine  environment.  The 
exhaust  gas  carries  oxygen,  nitrogen,  sulphur  and  other  corrosion- 
supporting  elements.  Corrosion  attack  may  therefore  be  one  of  the  most 
limiting  factors  with  respect  to  the  application  of  Ti  aluminides  in 
turbine  atmosphere. 

In  France,  Onera  conducted  both  fundamental  research  (9)  and  alloy 
development  relating  to  Ti  aluminides  |10),  partly  in  close  cooperation 
with  the  aerospace  industry.  In  the  United  Kingdom,  research  activities  at 
universities  are  loosely  coordinated  by  the  Interdisciplinary  Research 
Centre,  while  governmental  contracts  are  monitored  by  DRA.  Alloy 
developments  relating  to  aluminides  are  being  performed  (11)  as  well  as 
studies  on  Joining  intermetallics  (12).  Recently,  the  ECC  coimienced  funding 
projects  on  Ti  aluminides  conducted  as  part  of  joint  European  projects. 
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Figure  12  -  Possible  TiAl  applications  in  the  high-pressure  compressor 
and  low-pressure  turbine  of  an  aeroengine. 


Figure  13  -  TiAl  vane  prototype  castings  (Tltal). 


In  addition  to  increased  strength  and  temperature  capabilities,  HHC’s  offer 
the  possibility  of  tailoring  stiffness  or  thermal  expansion. 

Vork  -  mainly  based  on  ceramic  SIC  fibres  -  Included  fundamental  studies  on 
the  micromechanical  behaviour  of  single  fibres  (13),  fibre-matrix  Interface 
phenomena  (14),  coating  of  fibres  |15],  as  veil  as  on  manufacturing 
components  (16).  tfhile  T16A14V  vas  used  initially  as  a  matrix  material, 
efforts  are  now  devoted  to  advanced  elevated-temperature  Ti  alloys  and  T1 
aluminides.  Pack  rolling  has  been  successfully  applied  to  manufacture 
relatively  ductile  foils  from  Ti3Al  (17).  The  advantage  of  weight  saving  if 
composite  rings  are  being  used  Instead  of  conventional  discs  vas  pointed 
out  recently  by  Rolls-Royce  (18).  MTU  has  now  Introduced  an  Integrally 
bladed  disc  (blisc)  made  from  conventional  high-  temperature  titanium 
alloy.  Studies  are  under  vay  on  how  to  replace  such  modern  blisc  by  a 
bladed  composite  ring  (bling). 

MMC's  in  hypersonic  propulsion  engines  can  only  withstand  the  extremely 
high  temperatures  if  engine  surfaces  are  actively  cooled,  e.g.  by  liquid 
hydrogen,  to  keep  the  material's  temperature  down.  Figure  14  illustrates  a 
possible  hybrid  design  for  an  actively  cooled  nozzle  vail  structure.  The 
T-proflled  SIC/Ti  composite  carries  the  mechanical  load  on  top,  whereas  the 
bottom  structure  has  to  withstand  the  hot  gas. 
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Figure  14  -  Hybrid  design  for  an  actively  cooled  nozzle  wall 
structure. 

Conclusion 

The  application  and  development  status  of  Tl  alloys  in  the  European 
aerospace  Industry  has  been  outlined  for  fuselages,  space  structures,  and 
aero  engine  components.  The  current  situation  concerning  producers  and 
users  has  also  been  reviewed. 

A  unique  combination  of  the  properties  of  existing  Tl  alloys  ensures  a 
slight  Increase  in  the  use  of  of  Tl  alloy  in  aerospace  applications. 
Future-oriented  aerospace  applications  such  as  super-  and  hypersonic 
vehicles  as  veil  as  advanced  engine  concepts  will  further  Increase  the 
Tl-alloy  share.  The  excellent  compatibility  between  Tl  alloys  and  CFRP 
materials,  together  with  the  trend  toward  building  an  Ultra  High  Capacity 
Aircraft,  are  further  arguments  for  Increasing  Tl-alloy  shares  in  the 
future. 


T16A14V  Is  still  the  main  T1  alloy  for  alrfraae  applications.  The 
notivation  to  choose  or  develop  new  alrfraae  alloys  is  relatively  lov. 
Development  activities  are  successfully  aiming  at  near-net-shape 
technologies  such  as  investment  casting,  isothermal  forging,  and 
superplastic  forming  with  and  without  diffusion  bonding. 

For  aero  engine  applications,  alloy  development  aiming  at  Increasing 
service  temperature  is  much  more  important  in  order  to  realize  better 
engine  performance.  The  spectrum  of  alloys  includes  Ti-6242,  IMI  685,  INI 
834  and  Ti-1100.  New  design  concepts  abandon  the  medium  intermediate- 
pressure  compressor;  an  all-titanium  high-pressure  compressor  is  the  goal 
to  go  for.  Research  vork  in  Europe  is  concentrating  on  Ti  aluminides  and, 
with  a  lover  priority,  on  metal  matrix  composites  for  higher  temperature 
and  stiffness  requirements. 
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Abstract 

After  nore  than  thirty  years  intensive  research  and  development  work, 
titanium  application  in  the  aviation  industry  of  China  is  growing  up  with 
the  increasing  titanium  industry  of  China.  The  application  of  both  wrought 
and  cast  titanium  alloys  in  aircrafts  and  aeroengines  is  described  and 
future  developments  are  indicated. 


Introduction 

As  a  critical  structural  material  being  served,  titanium  and  its  alloys 
have  been  widely  used  in  aerospace  industry.  Since  titanium  possesses 
better  performance  than  conventional  structural  materials,  such  as 
strength- to- weight  ratio,  corrosion  resistance,  heat  resistance  etc.,  the 
application  of  large-scale  fan  blades  in  aircraft  jet  engine  becomes 
possible,  owing  to  which  the  high  thrust  engine  and  the  high  mach  number 
aircraft  can  be  realized.  It  can  be  said  without  any  exaggeration  that 
development  aviation  industry  has  been  advanced  by  making  substantial 
progress  in  titanium  alloys  and  their  technology. 

Since  IMI  315  titanium  alloy  blades  were  used  in  the  British  Avon  engine 
in  1954,  the  application  of  titanium  in  the  aviation  industry  has  been 
unceasingly  expanded, the  manufacturing  technology  is  growing  up  and  the 
quality  control  is  being  gradually  improved.  So  far,  scores  of  titanium 
alloys  have  been  developed.  Having  been  successfully  developed  in  the 
iJ.S.A.  during  the  early  period,  Ti-6A1-4V  alloy  became  a  universal 
structural  material.  By  studying  Si  additions,  the  U.K.  has  made  an 
outstanding  contribution  to  developing  a  series  of  titanium  alloys  bearing 
silicon.  For  example,  IMI  550(Ti-4Al-2Sn-4Mo-0.5Si )  alloy  allows  the 
service  temperatuure  to  rise  uip  to  425°C,  while  its  strength  is  10%  higher 
than  that  of  H-6A1-4V  alloy.  With  the  fuirther  studying  of  beta  processing 
it  has  been  found  out  that  beta  processing  can  provide  higher  creep 
strength  and  fracture  toughness  and  less  fatigue  crack  propagation  rate 
than  alpha+beta  processing  alloys,  and  can  be  used  in  long  term  service 
at  520°C ,  such  alloys  as  IMI  685(Ti-6Al-5Zr-0.5Mo-  0.25Si)  and  Ti5621S(Ti- 
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5Al-6Sn-2Zr-0.8Mo-0.25Si).  It  has  been  noticed  that  the  induced  fatigue 
initiation  always  occurs  in  alpha  phase, txit  for  beta  processing  alloys  it 
is  located  in  grain  boundary  alpha  or  alpha  colony  of  prior  beta  grain. 
Concerning  IMI  829(Ti-5.5Al-3.5Sn-3Zr-lNb-0.3Mo-0.3Si)  alloy,  on  the  one 
hand.it  is  fully  considered  that  its  creep- resistance  can  be  proved  by 
alloying, and  on  the  other  hand,  beta  grain  size  of  final  forging  should  be 
restricted  as  far  as  possible  so  that  its  maxima  working  temperature  is 
increased  up  to  580  t  and  it  can  be  used  in  jet  engine.  Chinese  scientists 
also  have  developed  advanced  titaniia  alloys  such  as  ZT3  <Ti-5Al-5Mo-2Sn- 
0.25Si-0.02Ce)  titanium  cast  alloy,  which  is  contains  rare-earth 
cerita, with  service  temperature  of  500°C  and  a  new  alloy,  which  contains 
neodysuia  and  can  be  used  at  550°C  temperature.  Both  alloys  have  been 
successfully  used  in  aircraft  engines  of  China. 

Applications  of  wrought  titaniia  alloys  in  aviation  industry  of  China 

The  early  stage  of  using  titanna  in  China’s  aircraft  engines  was  in  the 
fifties  to  the  sixties.  In  1965  T 1 -6A1 -4V  alloy  was  successfully  used  for 
first,  sixth,  seventh, eighth  and  ninth  stage  rotor  blades  and  disks  of 
an  early  model  jet  engine  compressor,  owing  to  which  the  weight  of  32  kg 
was  saved  for  each  engine.  Since  then,  the  application  of  titanna  alloys 
such  as  Ti-6A1-4V,  Ti-6.5Al-2Zr-3.5Mo-0.25Si  (TCI  1 >  and  Ti-5Al-2.5Sn  have 
been  expanded  in  various  model  jet  engines  and  turbofan  engines  in 
succession. 

Since  the  eighties,  titanna  alloy  components  including  the  third, fourth, 
fifth,  sixth,  seventh  and  eighth  stage  compressor  rotor  baldes  and  disks 
as  well  as  corresponding  stator  baldes  are  fully  used  in  the  new 
generation  of  jet  engines.  In  addition,  the  second  to  seventh  stage  four 
compressor  cases  made  of  titanna  alloys  such  as  Tl-6A_1-4V  alloy  and  ZT3 
alloy  bearing  rare-earth  cerna,  the  ring-shaped  components  and  sheet- 
metal  parts  made  of  Ti-5Al-2.5Sn  alloy  and  Ti-6A1-4V  alloy  fasteners  (See 
Figs  1  and  2)  are  used  for  the  above  mentioned  jet  engine. 


Fig.l  Titanna  alloy  compressor  rotor 


im 


Fig. 2  Titanium  alloy  compressor  case  assembly 

Alphatbeta  type  heat-resistant  titanium  alloy  of  Ti-Al-Mo-Zr-Si  system, 
titanium  alloy  possesses  excellent  properties  of  heat-resistance  and 
thermal  stability  at  500°C.  During  the  process  of  research  and  development 
of  this  alloy,  the  formation  and  varying  rule  of  new  beta  grain  has  been 
explored  and  the  alternative  high-low  temperature  forging  technology 
(AHLT)  has  been  developed  to  improve  the  homogeneity  of  large-size  forging 
structure.  The  isothermal  forging  of  titanium  alloy  disks  and  the 
precision  forging  of  titanium  alloy  blades  (Fig. 3)  are  widely  used 
technologies  in  aircraft  engine  manufacture. 


Fig. 3  Precision  forging  titanium  alloy  (TCI  1 )  blades 

Ti-6A1-4V  alloy  and  Ti-10-2-3  alloy  are  used  for  some  important  load- 
bearing  components  such  as  aircraft  frames  and  beams  in  order  to  save 
struoturm  weight  of  modem  model  fighters.  (See  Fi".4).  A  Chinese  forging 


company  has  already  become  a  titaniim  forging  supplier  for  Boeing  Co., 
which  provides  T1-6A1-4V  alloy  closed -die  forgings  in  hatch  process  used 
in  Boeing  747  aircraft. 


Fig. 4  Ti-6A1-4V  alloy  aircraft  forging 

The  theoretical  study  and  technical  developaent  of  titanium  alloy 
superplastic  foraing-di f fusion  bonding  (SPF/DB)  has  also  begiei  to  be  used 
in  important  structure  components,  e.g.  aircraft  cabin  doors,  frames  etc. 
as  shown  in  Fig. 5. 


Fig. 5  Titanii*  alloy  SPF/DB  aircraft  components 

Ti3Al -based  alloy(Ti-25Al-10Nb-3V-lMo,  at  X),  which  is  stuiied  by  Beijing 
Institute  of  Aeronautical  Materials,  is  manufactured  as  forging  bar, 
rolled  bar,  rolled  ring,  closed-die  forging,  sheet  and  foil.  Their 
alloying  compositions  are  uniform,  the  forging  aic restructure  is  fine  anl 
the  mechanical  properties  are  quite  good  e.g.  room  temperature  tensile 
strength  is  1050  MPa  and  elongation  is  4-8  X.  As  shown  in  Fig. 6,  a  turbine 
guide  plate  and  a  turbine  connector  ring  made  of  Ti-25Al- 10Nb-3V-lNo  alloy 
have  been  conducting  in  an  engine  test  run  for  30  hrs. 
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Fig. 6  Ti^Al -based  alloy  turbine  guide  plate  and  turbine  connector  ring 

Status  of  titan  umi  alloy  casting  technology  in  aviation  industry  of  China 

It  is  well  known  that  molten  titanium  can  react  with  almost  all 
conventional  refractory  materials  due  to  its  very  high  chemical  activity. 
Therefore  its  molding  technology  is  an  important  key  of  the  foundry 
industry.  The  titan inn  casting  industry  of  China  has  successfully  cast  the 
sophisticated  compressor  casting  case  of  a  turboprob  engine  with  both 
graphite  machined  mold  and  economic  and  effective  rammed  graphite 
mold. (See  Fig. 7)  Each  integral  case,  which  consists  of  two  castings  of 
about  20  kg,  can  save  over  300  welding  seams  and  over  1000  manhour.  Fig. 8 
shows  a  graphite  shell  mold  of  investment  casting  of  a  turbocharger 
impeller.  In  the  eighties, the  ceramic  shell  mold  titanium  investment 
casting  technology  was  developed.  A  great  nunber  of  titaniua  alloy  casting 
such  as  the  landing  gear  wheel  hub  of  a  hydrobomber , brake  torsion 
tubes, the  critical  structural  components  of  missile  and  satellite  (See 
Fig. 9  and  10)  etc.  have  been  studied  and  manufactured. 


7.WS 


Fig. 8  Titaniun  alloy  casting  turbocharger  impeller 


Fig. 9  Man-made  satellite  camera  cabinet  of  titaniun  alloy 

investment  casting 


ZT3  is  a  China  made  high  temperature  titaniun  cast  alloy  bearing  rare- 
earth  cent*  capable  of  long  term  service  at  500°C.  Internal  oxidation, 
uhich  is  caused  by  cernm  in  the  alloy,  refines  beta  grain  bomdries  and 
improves  the  thermal  stability  and  heat  resistance  of  the  alloy.  Thus ,  ZT3 
titaniun  cast  alloy  ocqirraaor  cases  have  been  s recess ful ly  applied  to  new 
generation  jet  engines. 
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Fig. 10  Helicopter  impeller  of  titaniimi  alloy  investment  casting 


Conclusions 

It  ia  very  important  for  the  development  of  the  aerospace  industry  to 
further  promote  research  and  development  as  well  as  application  of 
titan lien  technology.  In  recent  years,  research  areas  has  focused  such  as 
the  effect  of  overloading  ratio  on  Ti-6Al-4V  alloy  fatigue  crack  growth, 
estimating  of  service  life,  the  influence  of  microstructure  on  low-cycle 
fatigue  etc.  Investigations  of  phase  transformations,  the  dynamic 
rectystallization  and  beta  brittleness  have  lead  to  developing  some 
advanced  technology,  such  as  beta  heat  treatment  and  so  on.  The  study  of 
hot  isostatic  pressing  (HIP)  technology  and  hydrogen  treatment  of  titaniimi 
castings  plays  a  positive  role  in  improving  titaniimi  casting  structure  and 
properties. 

Over  thirty  years  of  experience  of  titaniimi  application  in  the  aviation 
industry  of  China  has  proved  that  it  is  essential  to  enhance  the  study  on 
material  service  performance,  such  as  fatigue  fracture  and  failure 
analysis,  to  pay  more  attention  to  fundamental  study  on  technological 
processes  and  quality  control  in  order  to  guarantee  that  aviation  products 
have  high  quality  and  good  stability  along  with  sat  1  factory  technical  and 
economic  effect. 
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Abstract 

A  naw  high  strength  titanium  alloy  haa  baan  davalopad  primarily  intandad 
for  faatanar  applicationa.  While  T1-6A1-4V  ia  uaad  axtanaivaly  aa  a 
faatanar  alloy  in  tha  aaroapaca  induatry,  ita  ahaar  atrangth  allowable  ia 
limited  to  6SS  MPa  (95  kai).  Por  higher  ahaar  atrangth  requirements, 
varioua  ataala  or  nickal-baaed  alloya  are  uaad  up  to  860  MPa  (125  kai) 
ahaar  atrangth,  but  with  tha  attendant  danaity  penalty.  Thia  naw  alloy  ia 
intandad  to  provide  tha  860  MPa  ahaar  atrangth  at  roughly  a  40t  weight 
aavinga.  After  acraaning  varioua  alloy  ayatama,  tha  optimum  chamiatry  haa 
baan  aalactad  aa  followai  Ti-6.0V-6.2Mo-5.7Fe-3Al.  In  light  of  ita  125 
kai  ahaar  atrangth  goal,  tha  alloy  haa  baan  daaignatad  TIMXTAL*125. 

Introduction 


Titanium  alloya  have  been  uaad  axtanaivaly  in  tha  aaroapaca  induatry  aa 
faatanara,  with  T1-6A1-4V  being  tha  moat  commonly  uaad  alloy.  There  are, 
however,  two  primary  limitationa  Buffered  by  T1-6A1-4V  which  led  to  tha 
development  of  an  improved  alloy.  Pirat,  T1-6A1-4V  ia  limited  to  a 
guaranteed  ahaar  atrangth  level  of  655  MPa  (95  kai  ahaar)  which  tranelatea 
into  a  tanaila  atrangth  minimum  of  about  1140  MPa  (165  kai).  Secondly, 
bacauaa  of  ita  limited  hardanability,  it  ia  often  difficult  to  obtain  such 
propartiaa  in  faatanara  on  the  order  of  19mm  (.75*)  diameter  and  beyond, 
when  higher  atrangth  or  larger  diameter  faatanara  are  required,  occasionally 
other  high  strength  titanium  alloya  such  aa  Ti-6Al-6V-2Sn  are  employed. 

More  often,  however,  other  iron  or  nickel  baaed  alloya  such  aa  A-286,  H-ll 
or  IN718  are  required.  Hhila  these  faatanar  alloys  provide  tha  desired 
strength  and  aaction  sisa  requirements,  albeit  with  difficulty  at  times, 
they  do  so  at  an  accompanying  waight  penalty  of  about  40%  over  tha 
titanium.  This  waight  penalty  could  be  recouped  with  a  titanium  alloy 
capable  of  providing  860  MPa  (125  kai)  shear  at  section  aixas  up  to  roughly 
32mm  (1.25*)  in  diameter.  Thia  translates  to  roughly  1585  MPa  (230  kai) 
average  tensile  strength.  The  goal  ductility  is  at  least  7  to  6% 
elongation,  which  is  what  fastener  producers  require  in  order  to  be  able  to 
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roll  thread*  onto  a  fastener  after  aolutlon  treating  and  aging.  Thua, 
firet  tier  typical  propertiea  for  the  goal  alloy  were  eatabliehed  aa 
follow* i 


Shear  Strength i 
Yield  Strength! 
Tensile  Strength! 
Ductility  («  Sl)i 


a  860  KPa  (12$  kei) 
k  1S20  KPa  (220  kei) 
k  1580  KPa  (230  kai) 
k  7% 


the 


Technical  Approach 

The  first  phaae  of  the  program  concentrated  on  producing  small  heats  of 
existing  high  strength  alloys  such  as  Ti-6Al-6V-2Sn  (Ti-6/6/2),  Ti-lOV- 
2Fe-3Al  (Tl— 10/2/3 ) ,  Tl-15V-3Cr-3Sn-3Al  (Ti-15/3),  Ti-3Al-8V-6Cr-4lr-4Ho 
(Ti-38644 ,  Beta  C)  and  Ti-6Al-2Sn-4tr-6Mo  (Ti-6246)  as  well  as  various 
modifications  thereof.  Bach  heat  was  processed  to  12.5mm  (.5")  dia.  bar, 
solution  treated  plus  aged  to  a  wide  range  of  strengths  and  then  tensile 
tested  at  room  temperature. 

The  resultant  tensile  data  waa  then  analyzed  by  regression  analysis  to 
establish  the  following  general  equation  for  each  alloy  (ie,  baseline  alloy 
or  modification  thereof)! 


%  El  •  A  +  B  (UTS) 


(1) 


This  equation  waa  then  used  to  calculate  the  expected  ductility  at  1586  KPa 
(230  kei)  teneile  strength.  Table  1  provides  a  summary  of  the  expected 
'best'  alloy  from  each  group.  Considering  these  results,  it  was  clear  that 
a  nev  alloy  base  chemistry  was  required. 


Table  I  Expected  Ductility  (t  El) 

Alloy  Group 

Ti-6246 

Ti-15/3 

Ti-10/2/3 

Ti-38644 

Ti-6/6/2 


Prom  Best  Composition  at  1586  KPa 

llonaitlgn1 

st 

3.5% 

4% 

4% 

5% 


^Expected  values  are  from  'best'  modification  of  given  alloy  group  and 
not  necessarily  from  the  specific  alloy  cited. 


Based  on  some  earlier  work  at  TIKET,  an  alloy  based  on  Ti-V-Ho-Pe-Al  was 
selected  for  the  next  phase.  While  each  of  the  beta  stabilizers  (V,  Ho, 

Pa)  waa  originally  felt  to  be  optimized  at  roughly  the  5%  level,  little 
work  had  been  conducted  to  define  optimum  levels.  Thus,  a  series  of  18-kg 
(40-lb)  heats  were  melted  as  outlined  in  Table  II.  Alloys  A  and  F  had  one 
beta  stabilizer  at  the  'low'  level  (-  4.5%)  while  Alloys  B,  C,  and  D  had  at 
least  two  of  the  beta  stabilizers  low.  Alloy  E,  however,  had  all  three 
beta  etabilizers  at  the  'high'  (-6%)  level. 


Tabla  II  Ti-V-Ho-Fe-Al  Sariea  With  High  and  Low  Lavala  of  Bata  Stabllizera1 


Alloy 

X 

AS 

u 

A1 

22 

Xi 

A 

4.5 

5.8 

5.7 

3.0 

.13 

Bal 

B 

4.5 

5.8 

4.5 

3.0 

.13 

Bal 

C 

4.3 

4.8 

5.7 

2.7 

.13 

Bal 

D 

4.3 

4.8 

4.5 

2.7 

.13 

Bal 

1 

6.2 

6.2 

5.7 

2.7 

.13 

Bal 

p 

6.2 

6.0 

4.5 

2.7 

.13 

Bal 

JA11  chamlatrlaa  cltad  In  Wt.  *. 


Tha  Tabla  II  alloya  wara  procaaaad  to  12 -mm  dia.  rod  and  aolutlon  traatad 
plua  aged  to  varloua  atrangth  lavala.  Again,  tha  data  waa  analytad  by 
ragraaaion  analyala  and  tha  raaulta  ara  glvan  in  Tabla  III.  Thla  data 
claarly  ahowa  that  tha  baat  ductility  la  obtalnad  whan  all  thraa  bata 
atablllcara  ara  at  tha  high  (>  5%)  laval.  It  alao  ahowa  that  whan  at  laaat 
two  of  tha  thraa  bata  atablllaara  ara  low  (<  St)  tha  axpactad  ductility  at 
tha  1586  MPa  atrangth  laval  la  no  battar  than  tha  Initial  aariaa  of  alloya 
(Tabla  I).  A  graphic  illuatration  of  tha  advantaga  of  Alloy  B  ovar  tha 
othar  formulation*  la  ahown  in  Pigura  1. 

Tabla  III  Raaulta  of  Ragraaaion  Analyala  of  Tanaila  Data  from  Tabla  II 
Alloya1 

Btaamiaa  cotfficttnti2  calculated  t  si 

riioy  a  i  At  im.nri-.mg2 


A 

31.55 

-  .0161 

6.03 

8 

42.64 

-  .0243 

4.09 

C 

38.21 

-  .0211 

4.68 

D 

42.74 

-  .0240 

4.68 

B 

34.35 

-  .0167 

7.84 

P 

34.71 

-  .0184 

5.56 

IaU  material  waa  flniah  rolled  from  75mm  aquare  to  12mm  round  30*C  below 
ita  bata  tranaua  than  aolutlon  treated  15  to  30*C  below  ita  tranaua  and 
aged  at  varloua  tamperature/time  combinatione. 


2 Baaed  on  Equation  (1)  in  text 


Figure  1  -  Plot  of  Regression  Curvaa  for  Data  In  Tablaa  II  and  III. 

Having  aatabliahad  tha  optimum  bat a  atabiliaar  contant  and  auccaaafully 
maating  tha  good  ductility  at  1586  KPa  UTS,  it  waa  than  dacidad  to  chack 
tha  affacta  of  tha  alpha  atabiliaara  (A1  and  oxygan).  Tabla  IV  llata  tha 
alloya  maltad  for  thia  portion  of  tha  study  and  Tabla  V  providaa  tha 
calculatad  ductility  at  tha  1586  MPa  atrangth  laval.  From  thaaa  tablaa,  it 
ia  aaan  that  tha  aluminum  aquivalanca  affact  ia  vary  strong,  and  aa  shown 
in  Figura  2,  thara  ia  a  critical  (high)  laval  which  must  ba  maintained  in 
order  to  reach  the  goal  ductility.  It  should  also  ba  noted  that  although 
oxygan  ia  shown  to  subatituta  affectively  for  aluminum  (compare  Alloys  G 
and  J,  Tables  IV  and  V)  lew  aluminum  levels  are  Impractical  because  of  the 
of  the  necessity  to  use  V-Al  and  Mo-Al  master  alloys  in  formulating  thia 
chemistry.  Figure  2  also  suggests  that  an  aluminum  aquivalanca  of  about 

Tabla  IV  Ti-V-Mo-Fe-A.  Series  Maltad  with  Varying  Aluminum  and 
Oxygen  Levels1 


Alloy 

Y 

lis 

IM 

°2 

Si 

A1  Io: 

0 

6.1 

6.2 

5.7 

3.2 

.13 

Bal 

4.5 

H 

5.2 

5.5 

5.2 

2.7 

.13 

Bal 

4.0 

I 

5.0 

5.1 

5.0 

1.5 

.14 

Bal 

2.9 

J 

5.2 

5.2 

5.1 

1.6 

.31 

Bal 

4.7 

1A11  chemistries  cited  in  Wt.  I. 

2A1  iq  -  Aluminum  Iquivalence  »  »  A1  +  10  (»  Oj ) 


im 


Tibia  V  Results  of  Regression  Analyaia  of  Tanaila  Data  from 
Tab la  IV  Alloys1 


Repression  Coefficients2 

Calculated  t 

tl 

Alloy 

6 

A 

at  1586  MPa  UTS 

0 

48.45 

-.0261 

6.92 

H 

49.64 

-.0277 

5.65 

I 

85.27 

-.0534 

0.60 

J 

37.79 

-.0196 

6.73 

^Material  melted  and 

processed  similar  to  Table 

IV 

material. 

?Based 

on  Ign  (1)  in 

text. 

2.6  3  3.6  4  4.6  6 

Aluminum  Equivalence 


Figure  2  -  Calculatad  Ductility  of  Tabla  IV  Alloys  at  1586  MPa  UTS  a* 
a  Function  of  Aluminum  Equivalanca. 

4.5  might  be  optimum. 

In  light  of  tha  above  results,  the  selected  chemistry  for  scale-up 
evaluation  was:  Ti-6.0V-6.2Mo-5.7Fe-2.7Al-. I8O2- 

An  820  kg  (1800-lb)  x  457mm  (18-inch)  diameter  ingot  of  the  above  chemistry 
was  melted.  There  were  two  primary  reasons  for  immediately  scaling  to  this 
ingot  site: 

a)  It  provided  enough  material  to  enable  hot  rolling  of  coil  stock 
on  a  production  mill.  This,  it  was  felt,  would  allow  processing 
to  a  finer  grain  site  than  with  the  smaller  heats. 


b)  It  would  provide  a  large  enough  ingot  to  evaluate  segregation 
tendencies. 


The  ingot  was  forged  to  B9mm  (3.5-inch)  diameter  aa  input  stock  for  rolling 
to  aoall  diamatar  coil.  Sinca  aavaral  piacaa  wara  cut  at  thia  size,  allcaa 
wara  takan  at  poaitions  rapraaanting  varioua  positions  along  tha  ingot 
langth  and  chamistry  aamplaa  wara  takan  at  cantar  and  outsida  adga 
locations  of  aach  slica.  Thaaa  aamplaa  wara  analyzed  for  major  chemistry 
variations  in  ordar  to  assass  tha  macrosagragation  tandancy  for  this 
formulation.  As  the  results  of  Tabla  VI  indicate,  tha  chamistry  variation 
was  vary  small,  thus  indicating  that  scala-up  to  a  full  sized  ingot  is 
feasible.  Of  course,  tha  dsgraa  of  sagragation  is  a  function  of  the  malt 
practice  employed.  Also,  microsagragation  tendency  is  not  assessed  by  this 
technique. 

Tabla  VI  Chemical  Analysis  of  620  kg  Heat  Chamistry,  Wt.  I 


Location1 

1 

Mfi 

u 

M 

2%/0 

5.47 

6.02 

5.25 

2.53 

.186 

2»/C 

5.42 

5.95 

5.27 

2.52 

.197 

254/0 

S.78 

6.43 

5.27 

2.60 

.200 

25%/C 

5 . 58 

6.19 

5.34 

2.56 

.179 

754/0 

5.69 

6.30 

5.51 

2.58 

.190 

754/C 

5.61 

6.29 

5.43 

2.57 

.220 

904/0 

5.72 

6.34 

5.32 

2.59 

.196 

904/C 

i*2S 

6.42 

UIS 

Overall  Avg 

5 . 63 

6.24 

5.36 

2.57 

.193 

Outside  Avg 

5.67 

6.27 

5.34 

2.57 

.193 

Canter  Avg 

5.60 

6.21 

5.39 

2.57 

.194 

values  correspond  to  approximate  distance  from 
ingot  top;  'O'  refers  to  outside  edge  of  sample 
slica;  'C'  refers  to  center. 

The  beta  transus  was  749*C  (1380*F)  for  this  hast. 

Tha  density  was  measured  as  4.852  gm/cm3. 

Tha  ingot  was  forgad  and  hot  rolled  to  9.5mm  diameter  rod.  A  series  of 
solution  and  age  haat-traatments  wara  performed  on  the  material.  The 
solution  temperature  was  710°C  (1310°F)  and  the  age  temperatures  ranged 
from  482°C  to  593*C  (900“F  to  1100"F)  for  2  to  24  hours.  These  heat 
treatments  resulted  in  ultimate  tensile  strengths  from  1004  to  1373  MPa  - 
below  the  desired  level  of  1586  MPa. 

In  order  to  increase  tha  strength  laval,  another  series  of  heat  treatments 
were  performed  utilizing  a  solution  and  duplex  aging  (STDA)  cycle.  The 
material  was  solution  treated  at  710°C,  pre-aged  at  427°C  4  or  8  hours,  and 
final  aged  at  468*C  or  482*C  16  hours.  These  heat  treatments  generally 
resulted  in  higher  strengths.  The  over  1586  MPa  ultimata  tensile  strength 
specimens  contained  1475  MPa  to  1493  MPa  yield  strength  and  6.0  to  8.0% 
elongation.  The  highest  strengths  wsre  produced  by  a  STDA  heat  treatment  - 
710*C  2  hr/fan  air  cool  plus  427’C/8hr/air  cool  plus  468"C/16hr/air  cool. 
Table  VII  contains  the  results  of  the  six  highest  tensile  strengths. 


Table  VII  Tensile  Test  Results  from  STDA1  Material 


Sample 

VTS  IHPa) 

.  2%  YS 

(MPa) 

S_EA 

^  Slang 

1 

1617 

1493 

11.8 

6.0 

2 

1616 

1492 

12.2 

7.5 

3 

1609 

1491 

10.0 

7.0 

4 

1599 

1473 

12.5 

7.0 

5 

1594 

1473 

14.4 

8.0 

6 

1587 

1475 

13.1 

8.0 

*710*C  2  hr/fan  air  cool  plus  427*C/Bhr/air  cool  plus  46B*C/16hr/air  cool. 

The  balance  of  the  approximately  160  tensile  tests  are  not  listed  and  show 
generally  lower  strengths  and  concomitant  increasing  ductility  at  the  482*C 
age  temperature.  However,  some  of  the  elongation  values  were  unexpectedly 
low. 


The  double  shear  results  from  46  tests  from  the  9.5mm  rod  heat  treated  at 
710*C/2hr/fan  air  cool  plus  427*C/8hr  air  cool  plus  468*C/16hr/air  cool  are 
837  MPa  on  average  and  868  MPa  at  the  maximum.  The  average  shear  values 
are  less  than  the  goal  of  862  MPa  on  average  but  it  was  obtained  in  some 
cases.  It  is  felt  that  a  more  optimum  processing  schedule  to  produce  a 
finer  grain  sized  product  will  provide  the  862  MPa  strength  goal. 

The  microstructure  of  the  STDA  (710*C  2  hr/fan  air  cool  plus  427*C/8hr/air 
cool  plus  468*C/16hr/air  cool)  material  is  typically  a  very  fine-grained 
alpha  precipitate  in  a  beta  matrix.  (See  Figure  3). 


figure  3  -  Microstructure  of  aged  rod 
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The  rasulta  of  general  corroaion  taata  (1)  of  bata  rollad  ahatt  and 
compariaon  with  CP  grade  2  and  Ti-6A1-4V  in  varioua  anvironmont  j  are  ahown 
in  Tabla  VIII. 


Tabia  VIII  Ganaral  Corroaion  Ratee  (MM/Yaar) 


Environment 


TIHETAL.125  CP  Grade  2 


H2SO4,  It,  Boiling  .094 
HC1 1  It,  Boiling  .475 
HNO3,  40%.  Boiling  .470 


17.4  2.5 

1.8  .845 

.5 


Conelualona 


a)  An  ultra-high-atrangth  titanium  alloy  ia  being  developed  which  ahowa 
potential  for  faatanara  requiring  860  KPa  ahaar  atrangth,  and  1520  MPa 
yield  atrangth  1586  MPa  tanalla  atrangth  with  elongation  greater  than 
7%. 


b)  Tha  required  propartlaa  ware  obtained  except  for  tha  1520  MPa  yield 
atrangth  without  cold  working  tha  baj  prior  to  aging.  Tha  heat  treat¬ 
ment  waa  optimized  at  710°C  2hr/fan  air  cool  plua  427°C/8hr/air  cool 
plua  468*C/16  hr/air  cool. 

c)  Tha  ganaral  corroaion  rataa  of  the  ultra-high  atrangth  titanium  alloy 
in  aaveral  environment  a  are  batter  than  T1-6A1-4V  and  CP  grada  2. 


Summary 

Since  no  axiating  claaa  of  titanium  alloya  ahowed  the  potential  of  meeting 
tha  requlramenta  of  an  ultra-high  atrangth  faatener  alloy,  an  alloy 
development  program  waa  initiated.  After  evaluating  tha  axiating  alloya 
Ti-6/2/2 ,  Ti-10/2/3,  Ti-15/3,  Ti-38644  and  Ti-6246  and  modif lcatione  there 
of,  tha  alloy  development  program  reaulted  in  tha  alloy,  Ti-6.0V-6.2Mo- 
S.7Fe-2.7Al.  Ganaral  corroaion  taata  indicate  that  corroaion  rates  are 
less  than  those  for  T1-6A1-4V  and  CP  grade  2. 

Rtf«r«n»« 

1.  Bergman,  D.  D.,  *HTL  Monthly  Progress  Report  for  April  1992”,  TIMET 
Handaraon  Technical  Lab. 


APPLICATIONS  OF  TITANIUM  ALUMINIDES  IN 


GAS  TURBINE  ENGINE  COMPONENTS 

P  J  Postans*,  M  T  Cope+,  S  Moorhouse*  and  A  B  Thakker* 

*  Rolls-Royce  pic,  PO  Box  31,  Derby,  DE24  8BJ,  UK 

*  Rolls-Royce  Inc,  2849  Paces  Ferry  Road,  Atlanta, 

GA  30339-3769,  USA 


Abstract 

Titanium  aluminide  for  the  last  two  decades  have  offered  the  prospect  of 
significant  weight  savings  in  gas  turbine  engines  by  the  replacement  of  N1 
base  superalloys.  As  yet  they  have  failed  to  deliver  despite  significant  RAD 
effort.  However,  recent  advances  in  chemistry  and  processing  capabilities 
have  now  resulted  in  Ti  aluminides  standing  on  the  threshold  of  commercial 
engine  utilisation. 

For  this  class  of  material  to  make  the  transition  from  research  curiosity  to 
a  'real'  engine  material  the  key  property  requirements  must  first  be  ident¬ 
ified.  Only  then  can  the  material  be  tailored  to  meet  the  engineering  need. 

To  identify  key  properties  targets  for  titanium  aluminides,  a  series  of 
design  studies  have  been  carried  out  for  civil,  military  and  helicopter  gas 
turbine  engines  using  current  gamma  and  alpha2  material  properties. 

Gamma  blades  in  the  low  pressure  turbine  of  civil  engines  save  over  100kg  per 
engine  compared  to  current  cast  nickel  blades.  The  key  requirements  here  are 
specific  stiffness  coupled  with  adequate  tensile  strength  and  resistance  to 
damage  and  defects.  Other  attractive  applications  are  compressor  stator 
vanes  and  simple,  non  critical  structures  where  conventional  titanium  can  not 
be  used  because  of  the  risk  of  titanium  fires.  Compressor  blading  is  a 
further  possibility.  Large  complex  static  structures  and  high  integrity  parts 
lifed  by  fracture  mechanics  are  unsuited  to  current  alloys. 

Alpha2  alloys  were  for  a  long  time  the  front  runners  for  engine  applications 
compared  to  gamma  Ti  aluminides.  However  their  poor  fire  and  environmental 
resistance  has  proved  their  Achilles'  heel. 

Further  understanding  is  still  required  on  the  long  term  effect  of  operating 
environment  on  mechanical  properties  for  titanium  aluminides.  In  addition 
the  effect  of  local  stress  concentrations,  ie,  defects  or  damage,  on  life 
particularly  for  the  more  brittle  gamma  alloys,  need  to  be  assessed.  The 
applications  for  alpha2  would  be  significantly  increased  if  its  fatigue 
crack  growth  rate  could  be  slowed  down  to  that  of  conventional  titanium, 
allowing  its  use  as  critical  discs  provided  environmental  resistance  is 
adequate. 
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Introduction 


'Find  out  what  the  customer  wants  -  then  supply  It'  is  the  recipe  for  success 
in  any  business.  Applied  to  titanium  aluminides  it  should  ensure  the  materials 
anti  manufacturing  processes  developed  have  the  widest  industrial  application 
and  benefit. 

The  present  paper  identifies  key  areas  where  improvements  are  required,  based 
on  recent  Rolls-Royce  design  studies  for  civil,  military  and  helicopter 
engines.  The  conclusions  provide  a  good  indication  of  general  aeroengine 
industry  needs,  although  there  will  be  some  detailed  variations  between 
different  companies  due  to  different  engine  operating  conditions,  technology 
base  and  personal  opinion. 

Titanium  alumlnide  capabilities 


Design  studies  identifying  component  applications  and  key  materials  and 
process  properties  are  iterative  with  materials  and  process  development.  A 
first  step  is  to  assess  current  materials  and  process  capability  (Figures  1 
and  2)  and  estimate  likely  future  improvements  (1 )  (2) ( 3) (4) ( 5) . 

There  are  also  some  basic  conditions  which  a  gas  turbine  engine  material  must 
meet.  They  are  described  below  in  no  particular  order  since  all  are 
essential . 

Material  must  be  available  in  the  right  timescales 

Maximum  benefit  from  a  new  material  or  proceB3  accrues  when  it  is  designed 
into  a  component  from  the  start,  rather  than  being  substituted  within  an 
existing  engine  configuration.  Such  design  opportunities  only  occur  every 
few  years. 

The  engineering  advantage  must  be  high  enough  to  justify  development  costs 
and  any  increase  in  component  cost 

When  a  new  material  or  process  allows  the  engine  to  be  thermodynamically  more 
efficient,  ie,  operate  hotter  or  at  higher  pressure  ratio,  the  benefit  is 
usually  greater  than  if  it  just  saves  weight.  A  general  rule  for  civil  gas 
turbine  engines  is  that  a  reduction  of  1kg  in  component  weight  saves  £6F,0  in 
direct  operating  costs  (mainly  fuel!  over  the  life  of  an  engine  (2).  Veight 
assumes  more  importance  in  military  combat  and  space  vehicle  components. 

The  risk  of  unexpected  component  failure  must  be  acceptably  low 

Components  are  divided  into  several  categories,  dependent  on  the  consequence 
of  failure.  The  most  critical  must  have  a  very  low  risk  of  premature 
failure;  it  can  increase  somewhat  for  components  where  failure  affects 
efficiency  but  not  safety. 

Component  design  studies  for  civil,  military  and  helicopter  gas 
turbine  engines 

The  results  of  these  studies  are  summarised  in  Figure  3,  with  more  detail  in 
Table  1  for  gamma  and  Table  2  for  alpha2. 

Both  gamma  and  alpha2  are  also  potential  matrices  in  composite  materials. 
Since  materials  and  process  requirements  for  matrices,  are  likely  to  be 
significantly  different  they  are  not  considered  here. 


Compressor  agrofoils 

The  requirements  for  all  3  types  of  engine  are  broadly  similar  despite 
differences  In  component  size  and  cost/weight  benefit. 

Aluminides  offer  no  benefit  to  the  engine  thermodynamic  cycle  as 
temperatures  are  limited  by  available  disc  materials. 

Stator  blades  in  gamma  offer  weight  savings  of  50%  approx  compared  to  steel 
or  nickel.  The  risk  of  component  failure  is  lower  for  stators  con-pared  to 
rotors  as  the  likelihood  of  impact  from  foreign  objects  in  the  gas  stream  is 
low.  Stators  held  at  both  the  inner  and  outer  annulus  are  expected  to  remain 
in  place  even  if  cracked. 

Rotor  blades  in  gamma  offer  little  advantage  compared  to  conventional 
titanium,  improved  fire  resistance  being  offset  by  increased  risk  of  foreign 
object  damage.  As  a  replacement  for  nickel  the  weight  savings  depend  on 
allowable  crushing  stress,  hence  blade  root  design.  A  heavier  disc  rim 
could  easily  cancel  the  45%  reduction  in  blade  weight. 

Alpha2  is  of  little  use  unless  its  fire  resistance  can  be  markedly  improved. 


Turbine  aerofoils 

Many  turbine  aerofoils,  including  all  those  in  military  combat  engines,  run 
too  hot  for  gamma  aluminide.  Those  at  suitable  temperatures  are  civil  engine 
low  pressure  turbine,  LPT,  aerofoils  and  helicopter  engine  power  turbine 
aerofoils.  The  latter  will  probably  demand  low  cost  in  preference  to  low 
weight  and  hence  remain  in  nickel. 

Civil  LPT  blades,  offer  no  engine  cycle  advantage  due  to  gamma  but  weight 
savings  of  45%  are  expected  by  replacing  nickel.  Since  civil  LPT  blades  can 
be  over  35cm  long  this  translates  to  a  saving  of  80-120kg  on  a  large  turbofan 
engine.  Reduced  blade  weight  facilitates  lighter  diBcs  and  casings,  saving  an 
additional  30%,  ie  70kg.  As  a  result  Rolls-Royce  consider  civil  LPT  rotor 
blades  are  the  most  important  application  for  gamma  aluminide,  see  Figure  4. 

It  is  understood  other  gas  turbine  engine  companies  share  this  view. 

Civil  LPT  nozzle  guide  vanes,  ie  static  aerofoils,  show  no  engineering 
benefit  in  gamma  since  their  key  requirement  is  high  strength. 

Alpha2  has  some  application  in  civil  LPT  blades  but  its  lower  temperature 
capability  and  lower  modulus  (influencing  vibration)  make  it  less  useful 
than  gamma. 

Engine  structures 

Applications  for  titanium  aluminides  are  limited.  Many  casings  require  high 
'plasticity'  for  containment  of  failed  blades,  which  precludes  gamma,  and 
fire  resistance,  which  precludes  alpha2.  Spoked  engine  support  structures 
require  neither  of  these  properties  but  their  complex  shape  is  often  beyond 
current  titanium  aluminide  manufacturing  capability.  Military  engine  nozzles 
and  some  combustor  casings  are  more  promising. 


Discs 


In  recent  years  there  has  been  a  move  away  from  disc  lives  based  on  fatigue 
initiation.  The  Alternative  is  fracture  mechanics  life  based  on  a  typical 
initial  defect  size  and  fatigue  crack  growth  rate. 

For  both  gamma  and  alpha2,  it  is  likely  that  high  lives  to  crack  initiation 
can  be  obtained  on  'defect  free'  material  but  both  have  a  fairly  fast  crack 
growth  rate  which  results  in  low  fracture  mechanics  lives. 

It  is  unlikely  that  fatigue  crack  growth  rate  can  be  slowed  down  sufficiently 
for  either  gamma  or  alpha2  to  make  them  suitable  for  long  life  discs. 
Applications  will  therefore  be  limited  to  short  life  discs  eg  missile  or  some 
military  engines,  or  certain  turbine  discs  which  are  required  to  withstand  a 
high  overspeed  criteria,  hence  tensile  strength  is  the  main  requirement  and 
fatigue  stresses  are  relatively  low. 

Conclusions 


Gamma  has  wider  potential  application  than  alpha2  due  primarily  to  its  fire 
resistance  and  reasonable  temperature  capability.  Key  areas  for  improvement 
are  plasticity,  both  improving  defect  tolerance  without  detriment  to  other 
key  properties  and/or  learning  to  effectively  use  material  with  limited 
plasticity;  environmental  stability;  tensile  strength  and  manufacturing 
capability. 

Alpha2  alloys  have  limited  application  due  to  their  lack  of  fire  resistance 
and  poor  environmental  resistance.  Key  areas  for  improvement  are  surface 
protection  to  improve  temperature  capability  and  ways  of  Blowing  fatigue 
crack  growth  rate.  These  would  enable  alpha2  to  fill  a  useful,  though  small 
niche  between  conventional  titanium  and  nickel  alloys. 
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Figure  3 


Potential  applications  of  titanium  aluminides  in  a  large  civil 
turbofan  engine 
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Table  2  Key  Design  Requirements  for  Alpha2  Titanium  Aluminides 
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Acceptable  in  current  or  near  future  material  ?  Don't  know  -  more  information  needed 

Significant  improvement  required  na  Not  applicable 

;e  1  Base  alloy  unlikely  to  be  improved  -  need  surface  coating 

;e  2  Increased  fire  resistance  would  extend  applications  but  it  is  unlikely  to  be  feasible 
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Abstract 

Today,  the  technology  for  casting  titanium  has  advanced  greatly  and  allows 
the  production  of  precise,  highly  complicated  castings  with  high  quality 
surface  finish  and  with  excellent  properties.  This  development  can  be 
easily  shown  on  the  example  of  a  structural  aircraft  part. 

The  mechanical  properties  of  the  high  temperature  alloy  IM1  834  in  the 
cast  condition  are  discussed. 


Introduction 

For  a  long  time  titanium  as  well  as  titanium  alloys  were  used  as  forging 
material  in  the  aerospace  and  as  corrosion-resistant  material  for  the 
chemical  industry. 

In  the  lost  wax  investment  casting  process  lost  models  and  lost  moulds  are 
being  used.  The  models  are  produced  with  thermoplastic.  This  happens  by 
wax  injectioning  special  pattern  wax  in  tools.  Very  often  these  tools  are 
divided/folded  and  separable/dismountable,  in  order  to  remove  the  wax  from 
the  tool.  This  process  allows  more  design  freedom  for  the  components. 

The  main  advantage  of  investment  castings  is  the  fact  that  structural 
components  can  be  manufactured  with  considerable  cost  savings  and  consider¬ 
able  less  machining.  Using  castings  offers  the  advantage  of  a  high  dimen¬ 
sional  accuracy,  excellent  surface  finish,  and  high  min.  values  of  the 
mechanical  property. 

Thus,  the  investment  casting  process  renders  it  possible  to  produce 
complicated  components  at  low  costs.  Compared  to  conventional  made  parts 
this  process  can  be  considered  as  good  alternative. 
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Melting  Practice 

The  traditional  melting  process  for  the  production  of  titanium  castings  is 
the  scull  procedure  which  has  been  developed  in  the  mid-fifties  from  the 
Bureau  of  Mines/Albany,  Oregon.  During  research  work  at  that  time  it  was 
recognized  that  while  melting  titanium  with  a  vacuum  arc  furnace  the 
liquid  pool  had  surprising  depth.  This  led  to  the  development  of  a  casting 
furnace  with  a  tiltable  water-cooled  crucible.  The  fact  that  there  are 
only  small  evaporation  losses  makes  this  process  ideal  for  the  production 
of  high  quality  investment  castings  (Ref  1). 

Shell  Moulds  for  Titanium  Castings 

At  present  there  exists  no  moulding  material  that  does  not  react  with 
liquid  titanium.  The  question  of  moulding  system  reactions  plays  an 
important  role  in  the  production  of  titanium  investment  castings.  Such 
reactions  include  above  all  the  pickup  of  oxygen.  However,  there  are  also 
other  components  of  the  moulding  system  that  entail  a  hardening  increase 
of  surface  areas.  Normally,  the  penetration  depth  of  the  in-diffusing 
elements  Is  between  0.05  and  0.3  mm.  The  thickness  of  this  layer  depends 
to  a  high  degree  on  the  contact  time  between  solidifying  titanium  and 
moulding  material  at  high  temperature.  The  hardened  surface  area  of  the 
castings  will  be  removed  by  etching.  The  necessary  etching  will  be 
considered  as  machining  allowance  during  the  tool  construction. 

The  HIP-Process 

The  HIPping  process  /Hot  Isostatic  Pressing)  offers  an  excellent 
possibility  to  repair  defects  in  the  structure  such  as  micro  shrinkage  or 
bubbles  in  titanium  castings.  HIPping  for  Ti-6A1-4V  takes  place  at  tem¬ 
peratures  of  920°C  and  102  MPA  over  two  or  several  hours  in  argon.  Above 
all  the  HIP-process  improves  the  dynamic  values. 

Weld  Repair 

Titanium  is  fully  weldable  allowing  repair  whenever  necessary.  Weldments 
have  excellent  tensile  and  fatigue  properties  sometimes  exceeding  those 
of  the  base  metal. 

Therefore,  weld  repair  is  a  common  practice  for  filling  gas  porosity  and 
shringkage  pores  exposed  by  chemical  milling,  post-HIP  surface  depressions, 
or  cold  shuts  in  connection  with  special  welding  equipment.  Inert  gas 
tungsten  arc  welding  is  typically  used. 

Heat  Treatment 


Since  titanium  castings  are  slow-cooled  in  insulating  moulds  in  a  vacuum, 
subsequent  thermal  treatment  is  mormally  unnecessary  since  the  castings 
are  virtually  "annealed"  while  still  in  the  moulds.  Stresses  induced  by 
welding  can  be  relieved  by  a  simple  stress  relief  cycle  at  750°C  for  2  hours. 
This  takes  place  in  a  special  vacuum  furnace  under  static  argon  atmosphere. 


Aerospace  Applications 


Investment  castings  in  titanium  have  found  wide  application  areas  in  air¬ 
craft  and  aerospace  industry  because  they  have  many  advantages.  For  example 
high  strength  to  weight  ratio,  dimensional  accuracy,  wall  thicknesses  down 
to  2  mm  and  excellent  surface  finish.  As  it  can  be  seen  in  figure  1  TITAL 
produce  different  castings,  the  so  called  knots,  for  a  new  europeen  civil 
aircraft  the  DO  328. 


Figure  1  -  Different  Casting  Knots 


The  casting  knots  are  part  of  the  engine  suspension  system  manufactured  by 
Dornier/Germany.  The  whole  suspension  system  is  illustrated  in  figure  2. 


Figure  2  -  Engine  Suspension  System 


Structure  and  Properties  of  cast  IMI834 


The  near  alpha  alloy  IMI  834  was  developed  for  gas  turbine  aero-engine 
components  operating  at  temperatures  up  to  600°C. 

Although  it  is  a  wrought  alloy,  no  difficulties  were  experienced  by  TITAL 
when  casting  the  alloy. 

Chemical  Analyses 

The  ingot  material  for  the  test  program  was  supplied  by  IMI  Titanium. 

The  chemical  composition  of  the  castings  can  be  seen  in  table  I. 

Table  I  Casting  Analyses 


Element 

Percent 

A1 

5.82 

Sn 

4.04 

It 

3.50 

Nb 

0.70 

Mo 

0.54 

Si 

0.32 

C 

0.05 

Fe 

0.018 

0 

1250  ppm 

wt.  * 

HIPping  and  Heat  Treatment 

Hot  Isostatic  Pressing  was  carried  out  below  the  beta  transus  temperature 
at  965°C  for  2  hours  at  103  MPA  to  seal  internal  shrinkage  porosity. 

After  this  the  castings  were  beta  solution  heat  treated  at  1075°C  and 
0.5  hours  to  avoid  excessive  grain  growth.  Finally  the  testing  material 
was  aged  at  700°C  and  2  hours. 

Micro  Structure 

The  prior  beta  grainsize  in  a  12.5  mm  thick  section  after  thermal 
treatment  was  between  1  and  2  mm. 

The  microstructure  of  cast  IMI  834  consists  wholly  of  acicular  alpha  and 
beta  transformation  product  as  can  be  seen  in  figure  3. 

Beta  processed  alloys  are  typified  by  good  creep  resistance  at  moderate 
strength  levels  (Ref  2). 
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Figure  3  -  Microstructure  of  IM1  834  in  the  as-cast  condition 
Mechanical  Properties 

As  shown  in  table  II  the  room  temperature  tensile  properties  meet  the  speci 
fication  of  wrought  products,  although  due  to  the  coarser  grain  of  the  cast 
material,  at  slightly  lower  levels  of  ductility. 

Table  II  Room  temperature  tensile 
properties  of  cast  IMI  834 


condition 

0.2%  PS 

U.T.S. 

EL 

RA 

MPA 

MPA 

% 

% 

(  JL  +  P  )  HIP 

944 

1071 

5 

7 

+  STA 

966 

1072 

5 

9 

specification 
wrought  product 

910 

1030 

6 

15 

IMI -data  (Ref  3) 

At  higher  temperatures,  for  excample  600°C,  the  tensile  properties  of  cast 
material  are  excellent  with  a  little  debit  in  ductility. 


The  high  temperature  tensile  properties  obtained  in  the  test  program  are 
listed  in  table  III. 


Table  III  High  temperature  tensile 
properties  of  cast  IMI  834 


condition 

0.2X  PS 

U.T.S. 

EL 

RA 

MPA 

MPA 

* 

X 

(JL  +  P)  HIP 

526 

663 

6 

16 

+  STA 

515 

669 

10 

22 

specification 
wrought  product 

480 

585 

9 

20 

test  temperature: 

600°C 

IMI-data  (Ref  3) 


Creep  performance  plays  an  important  role  for  the  application  of  titanium 
alloys  in  modern  gas  turbine  engines. 

In  its  cast  form  IMI  834  exhibits  superior  creep  performance,  again  due  to 
the  acicular  micro  structure,  normally  achieved  after  beta  processing 
(Ref  4). 

A  summary  of  the  creep  data  is  given  in  table  IV. 

Table  IV  Creep  data  at  600°C/125  MPA 
of  cast  IMI  834 


condition 

%  T.P.S. 

100  hrs 

*  T.P.S. 

310  hrs 

(  JL  +  P  )  HIP 

0.033 

0.061 

+  STA 

0.025 

0.056 

0.030 

0.056 

0.028 

0.052 

IMI-data  (Ref  3) 


Conclusion 


The  state  of  the  art  of  titanium  casting  technology  has  been  reviewed  and 
the  possibilities  for  the  manufacture  of  structural  parts  in  the  aircraft 
industry  were  shown. 


This  technology  in  combination  with  high  temperature  alloys  like  IMI  834 
makes  it  possible  to  produce  castings  that  offer  certain  advantages  for 
the  application  in  gas  turbine  engines. 
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Abstract 

Thla  raport  covara  soma  mechanical  and  phyalcal  propartlaa  of  alpha-beta 
and  bata  procaaaad  T I METAL- 1100  (nominally  Ti-6Al-2.7Sn-4Zr-.4Mo.45Si- 
.0702  waiflht  parcant)  ahaat.  Machanical  propartlaa  for  TIMITAL- 1100  wara 
davalopad  from  bata  rollad,  bata  annaalad,  and  alpha-bata  rollad  ahaat  from 
a  range  of  thicknaaaaa  from  aavaral  haat  lota.  Craap  and  atraaa  ruptura 
propartlaa  wara  anhancad  by  bata  annealing  or  bata  rolling  but  at  tha 
axpanaa  of  ductility.  Tha  bata  annaaling  tamparatura  should  ba  kapt  aa  low 
aa  possible  in  ordar  to  ratain  maximum  ductility.  Dapandlng  upon  tha 
raquiramanta  of  tha  application,  tha  appropriata  procaaaing  routa  can  ba 
apacifiad. 


introduction 

Although  TIMITAL- 1100  waa  davalopad  primarily  for  forging  applications,  aa 
in  tha  case  of  ita  pradacasaor  T1-6242S  (Ti-6Al-2Sn-4Zr-2Mo-.  ISi) ,  thara 
ara  numerous  ahaat  matal  applications  which  could  banafit  from  its 
propartlaa.  Such  applications  include  gaa-turbina-angina  aftarburnar 
atructura  and  hot  skin  and  subatructura  applications  as  found  on  ultra- 
high-speed  vehicles  such  as  tha  HASP,  while  boom  applications  could  uaa 
TIMITAL* 1100  sheet  in  an  alpha-bata  processed  condition,  most  would 
probably  require  a  beta-processed  microstructure. 

There  ara  two  methods  for  producing  bata  processed  sheet  -  bata  rolling  and 
bata  annaaling.  This  paper  reviews  tha  properties  associated  with  these 
approaches  and  identifies  critical  limits  for  beta-anneal  temperatures.  It 
also  reviews  a  limited  amount  of  data  on  alpha-beta  processed  ahaat  materi¬ 
al.  Part  1  lists  tha  machanical  properties  and  Part  2  describes  tha 
development  of  tha  bata  annaaling  and  stabilisation  treatments. 

Part  1  -  Physical  and  Machanical  Properties  of  TIMITAL- 1100  Sheet 

TIMITAL*  1100  is  s  nsar-alpha  titanium  alloy  dsvslopsd  by  TIMET  for  high- 
tsmpsraturs  applications  whsrs  crssp  rssistancs  is  raquirad.  Ths  bata 
tranaus  is  in  ths  rang#  of  1000  to  1015*C.  Ths  dsnsity  is  4.49  gm/cm3. 
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Material  Processing 

Bata  Ballad  Sheet .  TIMETAL-  1100  beta-rolled  ahaat  waa  produced  by  alpha- 
bata  croas-rolllng  75mm  thick  alab  to  5.4am  at  982*C  and  unidirectional 
rolling  at  1038*C  to  final  gaga  abova  tha  bata  tranaua  (1000  to  101S*C)  on 
a  convantlonal  rolling  Bill.  Approprlata  controls  and  raductlon  aaquancaa 
wara  employed  to  raflna  tha  Bacro/nlcro-structura. 

Aftar  hot  rolling,  the  ahaat  was  annaalad  at  954*C/15  nlnutas/AC  (air 
coolad).  Than,  tha  ahaat  waa  flnishad  by  bait  grinding  which  Inaurad 
removal  of  alpha-caaa  and  surface  dafacta. 

Bata  Annaalad  Sheet.  Bata  annaalad  sheet  was  produced  from  75mn  slab 
alpha-beta  cross-rolled  at  982*C/9S4*C  roughlng/flnlahing  paaaaa  to  nominal 
.5  to  3.7mm  ahaat,  annaalad  at  1038*0/10  min/AC,  and  stabilized  at  593*0/2 
or  8  hr/AC.  Than,  the  ahaat  waa  finished  by  bait  grinding. 

Alpha-Beta  Sheet.  Alpha-beta  ahaat  waa  produced  from  7.5*  cm  alab 
alpha-beta  crosa-rollad  to  nominal  .5  to  3.7mm  ahaat  from  982*0/954*0 
roughlng/f Inlshlng  paaaaa,  and  annaalad  at  954*0/10  mln/AC.  Than,  tha 
sheet  was  flnishad  by  bait  grinding. 

Tasting  Procedures 

Tensile  tests  wara  performed  according  to  ASTM  EB  and  fatlgua-crack-growth 
tasting  of  cantar-crackad  tension  specimens  according  to  ASTM  E647-8B  on 
various  thicknasaas  of  ahaat.  The  crack-growth  teats  wara  conducted  In 
room  temperature  laboratory  air  at  58  to  61%  relative  humidity  and  an  R 
ratio  of  .10  and  a  frequency  of  20  Hz  sinusoidal.  Tha  tensile  results  in 
Part  1  of  this  report  are  tha  average  of  at  least  two  tensile  teats 
performed  transvarsa  and  longitudinal  to  tha  final  rolling  direction. 

Elevated-temperature  creep  and  straas-rupturs  testing  was  done  on  samples 
machined  into  tha  same  configuration  as  the  tensile  samples.  Elevated- 
temperature  tanaila  tasting,  stress-rupture  and  creep  testing  wars 
conducted  in  air. 

Tensile  Results.  Table  I  lists  the  results  for  .45  to  1.6mm  sheet.  Table 
II  lists  the  tensile  results  for  2.7  to  3.17mm  sheet  tested  parallel  to  (L) 
and  perpendicular  to  (T)  the  final  rolling  direction.  A  slight  drop  in 
tensile  ductility  at  593*C  occurred  in  ths  beta  annealed  material  stabi¬ 
lized  at  593*0/2  hr  versus  the  8  hour  stabilization  cycle.  All  other 
tensile  properties  were  similar  with  stabilization  cycles  of  2  or  8  hours. 

The  tensile  results  Indicate  that  the  alpha-beta  rolled  material  is  lower 
strength  but  higher  ductility  than  the  beta  annealed  or  the  beta  rolled 
material.  The  beta  rolled  material  shows  more  directionality  than  the  beta 
annealed  material.  In  beta  annealed  sheet,  the  2.7  to  3.17mm  sheet 
contains  higher  ductility  than  the  .45  to  1.6mm  sheet.  The  lower  ductility 
in  the  thinner  sheets  ia  believed  to  be  caused  by  the  fewer  number  of 
grains  through  the  thickness  of  the  sheet  as  compared  to  the  thicker  sheet. 

Crack  Growth  Rate  Results.  The  center-crack  fatigue  crack  growth  tests 
were  performed  on  sheet  which  was  alpha-beta  rolled  and  then  beta  annealed 
at  1038*0/10  min/AC  and  stabilized  at  S93*C/8  hr/AC.  Sheet  gages  of  .8mm 
and  1.6mm  thick  were  tested.  Two  samples  of  each  were  tested  to  cover  a 
wide  range  of  stress  intensities.  (See  Figure  1). 
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Table  I  Tensile  Properties  of  .  45ea  to  1.6ns  Sheet 
(Average  of  Two  Tests) 


Condition 

Temp.  CC) 

Dir. 

UTg-tnm 

■  2%  YS  (MPa) 

11- 

0  Rolled1 

21 

L 

986 

873 

10.1 

8  Rolled1 

21 

T 

1081 

941 

9.8 

0  Rolled1 

593 

L 

626 

528 

10.5 

8  Rolled1 

593 

T 

725 

588 

8.5 

8  Annealed2 

21 

L 

1038 

907 

9.0 

8  Annealed2 

21 

T 

1017 

921 

11.0 

8  Annealed2 

593 

L 

681 

578 

7.0 

8  Annealed2 

593 

T 

684 

539 

9.0 

8  Annealed3 

21 

L 

1067 

920 

8 

8  Annealed3 

21 

T 

1063 

883 

9 

8  Annealed3 

204 

L 

878 

712 

12 

8  Annealed3 

204 

T 

877 

720 

13 

8  Annealed3 

315 

L 

804 

619 

12 

8  Annealed3 

315 

T 

797 

633 

12 

8  Annealed3 

427 

L 

762 

599 

12 

8  Annealed3 

427 

T 

771 

606 

12 

8  Annealed3 

538 

L 

755 

578 

9 

8  Annealed3 

538 

T 

741 

576 

10 

8  Annealed3 

593 

L 

710 

537 

11 

8  Annealed3 

593 

T 

681 

531 

11 

8  Annealed3 

649 

L 

647 

519 

10 

8  Annealed3 

649 

T 

662 

515 

9 

a  *  8  Rolled* 

21 

L 

873 

805 

18 

a  ♦  8  Rolled* 

21 

T 

870 

B01 

IB 

a  *  8  Rolled* 

538 

L 

603 

473 

25 

a  +  8  Rolled* 

538 

T 

605 

472 

25 

a  *  D  Rolled* 

593 

L 

603 

487 

27 

1  954*C/15  Bln/AC 
21038*C/10  min/AC  ♦  593*C/2  hr/AC 
31038*C/10  min/AC  ♦  593*0/8  hr/AC 
*  954*0/15  Bin/AC 

Table  II  Tensile  Properties  of  2.7  to  3.17aa  Sheet 


Condition 

Teap.  (*C) 

Dir. 

m  <nfi) 

■  29  IS  UBD 

ll.  11 

8  Annealed1 

21 

L 

1041 

952 

12 

B  Annealed1 

593 

L 

692 

558 

12 

0  Annealed1 

593 

T 

691 

567 

12 

a  *  B  Rolled2 

21 

L 

909 

838 

18.8 

a  *  B  Rolled2 

21 

T 

897 

829 

20.4 

a  ♦  B  Rolled2 

593 

L 

571 

451 

26 

a  *  B  Rolled2 

593 

T 

557 

449 

27.8 

1  1038*0/10  or  15  Bln/AC  ♦  593*0/2  hr/AC 

2  954*0/15  ain/AC 


Delta  K  MPA(M**.S) 


Figure  1  -  Fatigue-crack-growth  plot  of  beta  annealed  cheat  at  room 
temperature.  R  -  .10,  Frequency  -  20  HZ. 

Figure  1  ahowa  a  aomewhat  higher  crack-growth  rate  for  the  .8mm  aheet  at 
the  lower  atraae  intenaity  range.  However,  the  crack  growth  rate  ie 
virtually  identical  for  atraee  intenaitiea  above  20  MPa  m- 5 

Streee  Rupture  and  Creep  Reeulta.  The  raaulta  of  the  creep  teating  (time 
to  .2%  elongation)  are  ehown  in  Figure  2.  Theae  timaa  are  aignif icantly 
greater  for  beta  annealed  or  beta  rolled  aheet  than  for  alpha-beta  rolled 
aheet.  The  Laraon-Miller  parameter  ia  .6  to  .7  higher  for  the  beta 
annealed  or  beta  rolled  aheet  than  alpha-beta  proceaaed  eheet.  Thin 
tranalatea  into  about  a  26  to  31*C  advantage  for  the  beta  annealed  or  beta 
rolled  eheet.  There  are  no  aignif leant  differencea  between  the  beta  rolled 
and  the  beta  annealed  eheet. 

Streea  rupture  reeulta  are  ehown  in  the  Lareon-Miller  plot  in  Figure  3. 
There  are  no  aignificent  differencea  between  the  beta  rolled  and  the  beta 
annealed  aheet.  However  the  Laraon-Miller  parameter  ia  .6  to  1  greater  for 
the  beta  annealed  or  beta  rolled  aheet  compared  to  alpha-beta  proceaaed 
aheet.  Thie  tranalatea  into  a  26'C  to  44*C  advantage  for  the  beta  annealed 
or  beta  rolled  eheet. 

Part-1  Concluaiona 

a)  The  alpha-beta-rolled  and  annealed  aheet  haa  much  better  ductility 
but  lower  etrength  than  the  beta-annealed  or  beta-rolled  aheet. 

b)  The  beta-rolled  aheet  containa  more  directionality  than  the  beta 

annealed  aheet. 
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-  Larson-Millar  plot  of  creep  to  .2%  total  elongation  of  alpha 
beta  or  beta  annealed  aheet.  Condition  1  ia  alpha  +  beta 
rolled  +  954°C/15Min/AC.  Condition  2  ia  alpha  ♦  beta  rolled 
*  1038*C/10Min/AC  +  S93*C/2  or  6  Hr a,  and  Condition  3  ie  beta 
rolled  ♦  593*C/8Hr/AC. 


LARSON  MILLER  PAR  -  (C+273)(20+LOG(t))/1000 


-  Laraon-Miller  plot  of  etreee-rupture  of  alpha-beta  rolled, 
beta  rolled,  or  beta  annealed  aheet.  The  conditione  are  the 
earns  aa  in  Figure  2. 


c)  The  thinner  gaugea  show  a  lower  ductility  in  the  beta  annealed 
sheet  than  the  thicker  sheet . 


d)  Steal*  ruptura  and  eraap  raaulta  Indieata  a  aignificant  advantage 
(26  to  44*C)  in  craap  or  atraaa  ruptura  atrangth  in  bata-annaalad  or 
bata  rollad  ahaat  ovar  alpha-bata  procaaaad  ahaat. 

Part  2  Bata  Annaalino  and  Stabiliaino  Tanoaraturaa 

Tha  affact  of  bata  annaaling  temperature  waa  invaatigatad  on  both  alpha- 
bata  and  bata  rollad  ahaat.  Two  taoparaturaa,  1036  and  1093*C,  wara  uaad. 
Two  tanaila  taata  wara  run  for  aach  longitudinal  and  tranavaraa  to  tha 
final  rolling  diraction  and  tha  raaulta  war*  avaragad. 

Tabla  III  i*  a  liat  of  tha  tanaila  raaulta  from  .45  to  1.6mm  ahaat  which  waa 
aithar  alpha-bata  rollad  or  bata  rollad  at  1038*C  prior  to  bata  annaaling 
at  1039*C  or  1093*C. 

Tabla  III  Room  Tamparatura  Tanaila  Propartiaa  of  .45  to  1.6mm  Shaat 
Alpha-Bata  or  Bata  Roll  and  103B*C  va.  1093*C  Annaal 

Annaaling  Stabilizing 


Temp.  (*C1 

Tamp.  CC1 

Dir . 
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T 
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Tha  1093*C  annaal  cycl*  aignif icantly  dagradaa  tha  ductility  in  alpha-beta 
rollad  ahaat  aa  compared  to  the  1038'C  annaal  cycla.  Ductility  i*  low  in 
both  caaaa  for  tha  bata  rollad  material. 


Tha  affact  of  tha  atabilization  cycl*  in  alpha-bata  rollad  ahaet  which  waa 
beta  annaalad  at  1038  or  1093*C  waa  datarminad  next.  Sheet  2.54mm  thick 
waa  given  three  aaparata  8  hour  atabilization  treatment*  at  593°C,  649°C, 
or  704*C.  The  reaulta  are  given  in  Table  IV. 

Table  IV  Effect  of  Stabilization  Temperature  in  2.54mm  sheet 
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Bit  (4) 


1038 
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649 
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1093 

593 

1093 

649 

1093 
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1118 

990 

4.8 

1114 

998 

5.0 

1107 

939 

4.0 

1097 

1008 

2.3 

1082 

1031 

1.5 

1058 

970 

1.5 

2,921 


Thera  ia  little  difference  among  the  three  8  hour  stabilization  tempera¬ 
tures  at  593*C,  649*C,  or  704*C  in  aithor  the  1093*C  or  the  1038*C  beta 
annealed  sheet.  But  again,  the  1093*C  beta  anneal  is  shown  to  signifi¬ 
cantly  reduce  the  ductility  compared  to  the  1038*C  anneal.  Note  that  the 
2 . 54mm  sheet  in  the  1038*C/30  min/AC  ♦  593*C/8  hr/AC  condition  contains  a 
significantly  lowar  ductility  than  the  .45  to  1.6mm  shset.  Currently, 
there  is  no  explanation  for  the  drop  in  ductility  in  the  thicker  sheet. 
Grain  size  was  not  significantly  different  and  therefore  was  not  a  factor. 


a)  This  data  suggests  that  the  preferred  method  to  make  creep  resistant 
sheet  would  be  to  alpha-beta  roll,  beta  anneal  at  1038*C/15  min/AC 
in  sheet  less  than  6mm  and  stabilize  at  593*C/8  hr/AC. 

b)  Beta  annealing  at  1093*C  after  alpha-beta  rolling  significantly 
reduced  ductility. 

Summary 

Mechanical  properties  for  TIMETAL>1100  sheet  were  developed.  Creep  and 
stress  rupture  properties  are  enhanced  by  beta  annealing  or  beta  rolling 
but  at  the  expense  of  ductility.  In  order  to  retain  maximum  ductility  in 
beta  annealed  material,  the  annealing  temperature  should  be  kept  as  low  as 
is  practical.  Depending  upon  the  requirements  of  the  application,  the 
appropriate  processing  route  can  be  epecified. 
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Abstract 

Rolls-Royce  has  designed  and  developed  a  unique,  highly  efficient 
lightweight  fan  for  civil  engine  applications  in  the  thrust  range 
22000  lbs  to  over  90000  lbs.  These  wide  chord  fan  designs  are 
hollow  and  snubberless,  and  have  applied  innovative  metal  forming, 
metal  joining  and  inspection  techniques. 

First  generation  wide  chord  fan  blades  entered  service  in  the 
RB211-535E4  powered  Boeing  757  in  1984.  The  technology  has  since 
been  applied  to  the  IAE  V2500  engine  for  the  Airbus  Industries  A320 
and  the  McDonnell  Douglas  MD90  aircraft,  and  the  RB211-524  G/H 
powerplants  for  Boeing  747  and  767  aeroplanes.  This  fan  design 
utilises  a  fabrication  of  two  external  titanium  alloy  panels  and  an 
internal  titanium  alloy  honeycomb  core  joined  by  Activated  Diffusion 
Bonding. 


The  design  and  corresponding  manufacturing  technologies  for  larger 
fans  in  the  higher  thrust  Trent  serieB  of  aeroengines  have  now 
evolved  to  enable  Rolls-Royce  to  specify  an  even  lighter  fan  blade 
with  enhanced  cost  and  quality  control  advantages  by  exploiting 
solid-state  diffusion  bonding  for  joining  the  fabrication  and 
superplastic  forming  to  develop  the  supporting  internal  core.  These 
second  generation  wide  chord  fan  blades  have  been  subjected  to 
intensive  pre-certification  integrity  and  durability  tests  which 
have  verified  design  and  mechanical  integrity  and,  most  importantly 
have  demonstrated  the  maturity  of  the  manufacturing  processes. 

1.  Introduction 


The  fan  in  modern  "high  by-pass  ratio"  civil  turbofan  engines  must 
deliver  a  high  level  of  performance  over  a  wide  range  of  operating 
conditions.  Its  primary  design  requirement  is  to  minimise  fuel 
consumption  by  maximising  the  propulsive  force  generated  from  the 
power  supplied  by  the  turbine.  Height,  cost,  noise,  foreign  object 
impact  resistance  and  mechanical  Integrity  under  fatigue  conditions 
are  other  essential  design  considerations. 
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Conventional  fan  blades  are  manufactured  from  solid  titanium  alloy 
forgings  and  are  designed  with  mid-span  snubbers  to  counteract 
aerodynamic  instability  (Figure  la).  However,  the  snubbers  ijipede 
the  supersonic  airflow  causing  a  loss  in  aerodynamic  performance 
with  corresponding  penalties  in  fuel  consunption.  Rolls-Royce  has, 
therefore,  removed  the  snubber  from  the  fan  to  provide  the  most 
aerodynamically  efficient  aerofoil,  increased  its  chord  for  natural 
stability,  and  reduced  the  number  of  blades  per  assembly  by 

approximately  a  third  (Figure  lb).  This  has  been  achieved  at 

reduced  weight  by  designing  a  hollow  wide  chord  fan  blade  with  an 
internal  supporting  core  which  can  satisfy  severe  operational 
lequirements.  (References  1,2) 

Its  position  at  the  front  of  the  engine  demands  that  the  fan  is 
capable  of  developing  sufficient  power  for  aircraft  safety  after 
suffering  impacts,  predominantly  by  birds,  during  take-off. 
Certification  regulations  require  an  engine  to  be  capable  of 
ingesting  groups  of  ljlb  birds  with  subsequent  continual  running  at 
a  minimum  of  75%  power.  Also,  an  engine  must  be  capable  of  a  safe 

shut-down  after  the  ingestion  of  41b  birds.  Fan  blades  are 

subjected  to  low  cycle  fatigue  stresses  during  every  flight  and  to 
high  cycle  fatigue  stresses  from  air  intake  disturbances  at  specific 
flight  conditions.  Stresses  within  the  component  have,  therefore, 
to  be  maintained  within  established  limits  in  order  to  guarantee 
adequate  fatigue  life. 

To  satisfy  these  design  criteria,  Rolls-Royce  has  developed  hollow 
wide  chord  fan  blades  with  low  density  cores  for  enhanced 
aerodynamic  efficiencies  as  well  as  component  lightness  and 
mechanical  integrity.  The  constructions  of  the  designs  are  shown 
schematically  in  Figure  2.  For  both  fabrications,  the  external 
titanium  alloy  skins  are  separated  and  supported  by  an  internal 
titanium  alloy  core.  Panel/  panel  jointB  and  core/panel  joints  must 
exhibit  parent  material  properties  to  withstand  the  effects  of 
impact  and  fatigue.  In  the  latest  design,  the  established  honeycomb 
core  is  superseded  by  a  superplastically  formed  corrugation  which 
allows  the  production  of  a  lighter  construction  with  reduced 
manufacturing  costs. 

2.  Wide  Chord  Fan  Manufacturing  Technologies 

Innovative  metal  forming,  metal  joining  and  inspection  techniques 
have  been  developed  by  Rolls-Royce  for  the  manufacture  of  its  wide 
chord  fan  blades.  First  generation  designs  have  been  manufactured 
as  a  fabrication  of  external  titanium  alloy  panels  and  an  internal 
titanium  alloy  honeycomb  core  joined  by  a  liquid-phase  diffusion 
bonding  process.  Activated  Diffusion  Bonding  (reference  3).  The 
latest  designs  and  corresponding  manufacturing  methods  for  Trent  fan 
blades  have  now  evolved  to  exploit  solid-state  diffusion  bonding  for 
joining  the  fabrication  and  superplastic  forming  for  the  development 
of  the  internal  corrugated  core. 

The  Trent  wide  chord  fan  blade  is  manufactured  as  a  fabrication  of 
three  sheets  of  the  titanium  alloy,  T1-6A1-4V.  An  inhibiting 
compound  is  applied  to  the  mating  faces  of  the  external  panels  in  a 
pattern  derived  from  the  developed  design  for  the  internal 
corrugated  core.  Diffusion  bonding  can  then  occur  at  all  surfaces 
which  are  not  coated  with  the  inhibitor.  The  three-piece 


fabrication  is  salectively  joined  in  a  custom-built  high  temperature 
pressure  vessel  under  computer  control.  Appropriate  process  control 
guarantees  the  generation  of  diffusion  bonds  with  parent  material 
mechanical  properties  (reference  4)  and  develops  the  microstructure 
shown  in  Figure  4. 

The  manufacturing  sequence  then  exploits  the  inherent 
superplasticity  of  these  fine-grained  titanium  alloys.  The  cavity 
of  the  diffusion  bonded  construction  is  inflated  at  elevated 
temperature  between  appropriately  contoured  metal  dies  using  an 
inert  gas  to  expand  the  core  by  superplastic  forming  whilst 
simultaneously  developing  accurately  the  blade's  external 

aerodynamic  profile  in  terms  of  radial  bow,  axial  camber  and 

aerofoil  twist.  This  process  is  carried  out  in  customised  presses 
in  a  computer-controlled  operation  to  guarantee  the  strict 
tolerances  necessary  for  component  temperature  distribution  as  well 
as  the  strain-rate  of  the  internal  core. 

Considerable  experimentation  has  been  carried  out  to  establish 

diffusion  bonding  and  superplastic  forming  as  viable  manufacturing 
technologies  for  critical  hollow  aeroengine  component  designs. 
Second  generation  wide  chord  fan  blades  also  benefit  significantly 
from  reduced  manufacturing  costs  due  to  their  simplified 

manufacturing  sequence. 

To  satisfy  the  stringent  product  assurance  standards  required  for 
the  service  environment,  all  hollow  wide  chord  fan  blades  are 
critically  inspected  for  component  integrity  using  a  variety  of 
sophisticated  non-destructive  techniques  supplemented  by 
conventional  methods.  In  particular,  Rolls-Royce  has  specifically 
developed  and  refined  ultrasonic  and  radiographic  techniques  for  the 
assessment  of  solid-state  diffusion  bondB  and  structures  developed 
by  superplastic  forming.  This  in  turn  has  enabled  the  manufacturing 
processes  to  be  fully  understood  and  matched  with  the  requirements 
of  the  design  specification. 

Rolls-Royce  has  commissioned  a  unique  manufacturing  module  with 
special-to-product  plant  and  equipment  for  the  production  of  wide 
chord  fan  blades  (Figure  3).  The  operation  also  benefits  from  the 
implementation  of  systems  engineering  principles  for  the  effective 
manufacture  of  high  quality  components. 

3.  Wide  Chord  Fan  Integrity 

First  generation  wide  chord  fans  have  been  in  service  since  1984  and 
have  accumulated  over  five  million  hours  of  Rolls-Royce  exclusive 
operational  experience.  Second  generation  wide  chord  fan  blades  for 
the  Trent  series  of  aeroengines  have  now  been  subjected  to  intensive 
engine  and  rig  component  tests  which  have  verified  the  design  and 
associated  manufacturing  technologies.  These  test  programmes  have 
been  successfully  completed,  and  have  confirmed  metallurgical 
integrity  as  well  as  the  maturity  of  the  enabling  manufacturing 
processes,  diffusion  bonding  and  superplastic  forming. 

A  series  of  single-arm  and  bladed  rotor  bird  ingestion  tests  has  been 
carried  out  using  Trent  demonstrator  wide  chord  fan  blades.  This 
programme  has  demonstrated  that  the  airworthiness  requirements  have 
been  significantly  exceeded.  Figure  5  demonstrates  the  81b  bird 
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ingestion  capability  of  the  second  generation  wide  chord  fan  design 
at  maximum  climb  ratings.  Impact  damage  is  confined  to  local 
distortion  in  the  strike  area  with  no  metal  loss. 

Diffusion  bonded  and  superplastically  formed  Trent  wide  chord  fan 
blades  have  been  subjected  to  fatigue  testing  in  both  low  cycle  and 
high  cycle  modes.  Groups  of  components  have  been  repeatedly 
accelerated  to  maximum  speed  in  a  large  vacuum  rig  until  failure  is 
induced  to  determine  low  cycle  fatigue  endurance.  Pan  blade 
behaviour  under  high  cycie  conditions  has  been  measured  on  a  static 
flap  vibration  rig  to  stress  levels  determined  from  engines 
subjected  to  severe  cross  wind  conditions.  This  fatigue  test 
programne  has  demonstrated  that  the  second  generation  fan  design 
exceeds  the  capability  of  the  initial  design  standard  with  its 
established  integrity  and  service  record. 

4 .  3u— ary 

First  generation  wide  chord  fan  designs  have  demonstrated  reduced 
fuel  consumption  and  increased  resistance  to  component  and  engine 
damage  over  five  million  hours  of  Rolls-Royce  exclusive  operational 
experience.  Second  generation  wide  chord  fans  have  now  been 
specified  for  the  higher  thrust- rated  Trent  aeroengines  with 
inherent  weight  and  cost  advantages.  This  latest  design  exploits 
diffusion  bonding  and  superplastic  forming,  and  has  successfully 
completed  component  integrity  and  durability  testing.  The  Trent 
series  of  powerplants  has  been  launched  for  Airbus  Industries  A330 
and  the  Boeing  777 .  They  are  also  available  to  power  the  McDonnell 
Douglas,  MD12. 
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ABSTRACT 

A  process  window  for  pressure  welding  Ti-6AI-4V  fan  airfoils  to  forged  hubs  was  deter¬ 
mined  by  sub-scale  tests  in  a  Gleeble  Model  1500  equipped  with  a  vacuum  chamber  and  an 
imaging  infrared  pyrometer.  This  work  was  part  of  a  United  States  Air  Force  Manufac¬ 
turing  Technology  Program  directed  toward  fabrication  of  integrally  bladed  rotors  for  the  fan 
components  of  advanced  aircraft  propulsion  systems.  Test  matrices  evaluated  the  effect  of 
weld  interface  temperature,  weld  upset,  and  weld  upset-rate  on  weld  quality.  Process  tem¬ 
peratures  included  all-beta  welding,  through-transus  welding,  and  alpha-plus-beta  welding. 

Charpy  V-notch  impact  energy  and  metallographic  results  were  used  to  evaluate  weld 
quality.  Tensile  behaviors  were  uniformly  equivalent  to  the  base  metal  average  and  were 
not  useful  for  process  window  definition.  No  statistically  significant  trend  of  Charpy  energy 
with  upset  velocity  was  noted  for  upset  velocities  extending  from  0.1  to  10  inch/sec  (0.25  to 
25  cm/sec).  The  only  process  parameter  that  had  a  statistically  significant  effect  on  weld 
Charpy  values  was  the  weld  interface  temperature.  A  preferred  process  weld  temperature 
range  was  identified  and  weld  microstructures  were  correlated  with  process  parameters 
and  weld  quality. 

This  work  was  carried  out  under  U.S.  Air  Force  Contract  F33615-85-C-5014. 

Introduction 

The  use  of  integrally  bladed  rotors  (IBRs)  in  the  fan  components  of  advanced  aircraft 
propulsion  systems  will  offer  significant  advantages  over  conventional  blade-disk  configu¬ 
rations  in  terms  of  efficiency  and  weight.  However,  to  apply  this  technology  presently  re¬ 
quires  time-consuming  and  costly  manufacturing  methods.  In  addition,  an  industrial  base 
does  not  exist  for  cost-effective  production  of  such  components  in  large  quantities. 

This  work,  as  part  of  the  Air  Force  Manufacturing  Technology  Program  to  establish  cost- 
effective  manufacturing  technologies,  was  directed  toward  joining  Ti-6A1-4V  fan  airfoils  to 
forged  hubs  by  the  pressure  welding  (or  upset  welding)  process.  This  solid-state  welding 
process  is  described  in  Reference  1.  The  work  was  carried  out  under  Air  Force  Contract 
F33615-85-C-5014.  The  particular  objectives  were  to  determine  the  process  window  for 
full-scale  pressure  welds  to  be  made  at  General  Electric  Aircraft  Engines  (GEAE)  and  to 
relate  weld  quality  to  weld  microstructure. 
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A  finite  element  model  of  the  pressure  welding  process  has  been  developed  at  the  General 
Electric  Research  and  Development  Center  (GE-CRD)  as  described  in  Reference  2.  The 
results  of  this  experimental  program  were  used  to  validate  this  model  (See  Ref.  2). 

Experimental  Procedure 

Weld  tests  were  conducted  using  rectangular  specimens  of  Ti-6A1-4V  with  cross  section 
1.750  x  0.250  inches  (4.45  x  0.635  cm)  in  order  to  simulate  at  subscale  the  blade-to-hub 
attachment  collar  geometries.  The  cross-sectional  dimensions  were  approximately  1/4 
scale.  The  1.500  inch  (3.81  cm)  long  specimens  were  cut  from  a  forged  titanium  bar  along 
the  rolling  direction.  The  finish  on  the  weld  surfaces  was  20  to  30  |i-inch  (0.51  to  0.76  pm). 

A  micrograph  of  the  base  material  is 
shown  in  Figure  1.  The  microstructure  is 
typical  of  a  material  forged  above  the  beta 
transus  with  a  small  amount  of  further 
work  just  below  the  beta  transus  (3).  The 
beta  transus  temperature  for  the  base 
material  was  experimentally  determined  to 
be  approximately  1815  °F  (990  °C).  The 
orientation  of  the  Charpy  and  tensile 
specimens  relative  to  the  parent  stock  is 
the  same  as  for  the  welded  samples.  The 
mean  and  standard  deviation(c)  of  the 
Charpy  and  tensile  values  for  the  parent 
stock  are  shown  on  the  Charpy  and  tensile 
plots  for  the  welded  samples. 

Before  bonding,  the  samples  were  cleaned 
by  acid  pickling  in  a  solution  of  nitric  and 
hydrofluoric  acid  with  water.  The  samples 
were  then  rinsed  with  deionized  water. 

Welds  were  made  at  a  vacuum  level  of  5  x  10' ^  torr  using  a  Gleehle  Model  1500  System 
(4).  A  unique  imaging  infrared  pyrometer  described  in  Reference  5  was  used  to  measure 
temperatures  over  the  top  surface  of  the  weld  specimens.  Two  test  matrices  were  com¬ 
pleted  that  evaluated  the  effect  of  weld  interface  temperature,  weld  upset,  and  weld  upset- 
rate.  These  are  specified  as  Test  Matrix  1  and  2.  A  different  welding  cycle  was  used  for 
each  test  matrix  as  described  below.  In  addition,  a  small  test  series  was  conducted  using 
parent  material  with  a  microstructure  more  typical  of  forgings  used  for  IBR  fabrication. 

Tensile  specimens,  Charpy  V-notch  specimens,  and  metallurgical  sections  perpendicular  to 
the  bond  surface  were  machined  for  each  test  point.  Before  being  cut  up,  all  samples  were 
heat-treated  for  two  hours  in  an  air  furnace  at  1 300  °F  (704  °C)  and  then  furnace-cooled  to 
relieve  stresses.  The  Charpy  and  the  tensile  test  pieces  were  subsize  (Charpy  =  1.0  x 
0.61  cm  cross  section).  Mechanical  tests  were  conducted  at  room  temperature. 

Test  Matrix  1 

The  Gleehle  welding  cycle  used  for  Test  Matrix  1  is  shown  in  Figure  2.  The  post-weld 
cooldown  rate  was  controlled  at  3.7  °F/sec  (2.0  °C/sec).  Preliminary  tests  with  a  rapid 
post-weld  cooldown  rate  of  60  °F/sec  (33  °C/sec)  produced  a  martensitic  structure  in  the 
bond  region. 

The  statistically  designed  test  matrix  for  Test  Matrix  1  included  weld  interfacial  tempera¬ 
tures  ranging  from  1600  °F  (871  °C)  to  2100  °F  (1149  °C),  weld  upset-rates  of  0.1  to  10 


Figure  1 .  TI-6A1-4V  base  material. 


Upset  is  defined  here  as  the  ram  stroke  as  a  percentage  of  the  sample  thickness 
(t  =  0.250  in.)  2  742 


CONTROL 

Figure  2.  GleeMe  welding  cycle  for  Tew  Matrix  1. 

inch/sec  (0.25  to  25  cm/sec)  and  weld  upsets  of  50  and  100%.  Upset-rate  test  scans  were 
conducted  both  above  and  below  the  beta  transus  temperature  (at  1900  and  1700  °F,  re¬ 
spectively)  to  determine  if  high  upset  velocities  enhance  bond  quality.  Two  specimens 
were  welded  at  each  test  condition. 

Results 

Tensile  Results.  Tensile  results  for  this  series  show  little  variation  for  the  range  of  param¬ 
eters  tested  and  are  approximately  the  same  as  the  base  material  as  indicated  in  Figure  3. 


Figure  3.  Tensile  results  for  Test  Matrix  I. 

Charpy  V-notch  Results.  The  Charpy  V-nolch  results  are  shown  in  Figure  4.  The  results 
show  a  maximum  between  1850  °F  (1010  °C)  and  1950  °F  (1066  °C)  and  a  rapid  decline 
below  1800  °F  (982  °C).  The  statistical  "F-Test”  (6)  was  used  to  test  for  any  trend  of 
Charpy  impact  energy  with  weld  upset  or  upset-rate.  No  statistically  significant  trend  was 
indicated. 


Figure  4.  Charpy  V-Nolch  impact  energy  for  Test  Matrix  1  welds. 
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Microstructure.  Metallographic  sections  were  taken  perpendicular  to  the  bond  surface  in 
order  to  correlate  Charpy  energies  with  weld  microstructures.  Figures  5  and  6  show  mi¬ 
crostructures  for  samples  welded  at  temperatures  ranging  from  1600  °F  (871  °C)  to  2100 
°F  (1149  °C)  with  the  bond  line  oriented  vertically  in  the  center  of  each  photograph.  The 
structures  of  samples  welded  at  1600  °F  (871  °C)  and  1700  °F  (927  °C)  show  a  large 
volume  fraction  of  primary  alpha  grains.  The  grains  appear  continuous  and  aligned  in  the 
bond  region  in  a  direction  consistent  with  the  plastic  deformation  which  occurs  during  upset. 
The  continuous  and  aligned  alpha  grains  may  create  a  fracture  plane  resulting  in  the  low 
Charpy  impact  energies  as  noted  on  the  figure.  The  microstructure  at  1800  °F  (982  °C) 
shows  less  primary  alpha  but  still  contains  some  aligned  alpha  grains  that  may  again  be 
related  to  the  low  Charpy  impact  energy  for  this  weld. 

For  the  samples  welded  above  the  beta  transus  (Figure  6),  the  micrographs  show  trans¬ 
formed  beta  in  the  bond  region.  The  prior  beta  grains  increase  in  size  as  the  weld  tempera¬ 
ture  increases  from  1900  °F  (1038  °C)  to  2100  °F  (1149  °C).  Here  the  Charpy  impact  en¬ 
ergies  are  higher.  Fracture,  in  this  case,  generally  depends  on  the  orientation  of  the  prior 
beta  grains  and  grain  boundaries.  Irregular  orientation  of  the  beta  grains  usually  results  in 
irregular  fracture  patterns  and  high  Charpy  toughness.  Microsiruciures  containing  very 
large  prior  beta  grains  may,  however,  show  more  scatter  in  Charpy  toughness  depending  on 
the  relative  orientation  of  the  grains  and  grain  boundaries  and  the  notch  on  the  Charpy 
specimen. 


Test  Matrix  2 

The  Charpy  results  from  Test  Matrix  1  showed  that  weld  interface  temperatures  should  be 
above  1 800  °F  (982  °C).  Since  the  weld  zone  will  then  generally  exceed  the  beta  transus 
temperature  of  1815  °F  (990  °C)  because  of  operating  tolerances,  the  welding  cycle  for  Test 
Matrix  2  was  chosen  to  break  up  and  distort  the  large  prior  beta  grains  that  exist  at  these 
welding  temperatures.  This  microstructure  was  expected  to  reduce  scatter  in  Charpy  im¬ 
pact  toughness  and  enhance  fatigue  properties  of  the  weld. 

The  Gleeble  welding  cycle  used  for  Test  Matrix  2  is  shown  in  Figure  7.  The  upset  for  this 
test  series  occurred  over  the  cooldown  lime  from  Tma*  to  1780  °F  (971  °C)  (i.e.,  during 
cooldown  to  below  the  beta  transus).  This  upset  process  is  designated  “beta  forging.” 
Below  1780  °F,  a  controlled  cooldown  rate  of  3.7  °F/sec  (2  °C/sec)  was  maintained. 

Test  Matrix  2  included  weld  interfacial  temperatures  Omax)  ranging  from  1750  °F  (954  °C) 
to  2150  °F  (1177  °C)  and  weld  upsets  from  30  to  100%.  This  matrix  was  designed  to 
establish  temperature  limits  for  the  process  window.  Two  specimens  were  welded  at  each 
test  condition.  Mechanical  tests  were  conducted  as  in  Test  Matrix  1. 

Results 

Tensile  Results.  Tensile  results  for  this  test  series  again  show  little  variation  for  the  range 
of  parameters  tested  and  are  approximately  equal  to  the  base  material  values  as  indicated 
in  Figure  8. 

Charpy  Results.  As  shown  in  Figure  9,  the  results  from  Test  Matrix  2  also  show  a  decline 
in  Charpy  toughness  below  1800  °F  (982  °C).  Charpy  values  at  lower  temperatures  (i.e., 
below  1700  °F)  would  continue  to  decrease  as  in  Test  Matrix  1  since  the  weld  cycles  for 
Tma,  below  the  beta  transus  were  identical  for  Test  Matrix  1  and  2.  Above  1800  °F,  the 
majority  of  the  points  were  within  the  3o  limit  of  the  base  material  value.  No  trend  of 
Charpy  value  with  weld  upset  was  noted. 

Microstructure.  As  with  Test  Matrix  I,  metallographic  sections  were  taken  to  correlate 
Charpy  impact  energy  with  weld  microstructure.  Again,  the  weld  cycle  is  identical  for 
Matrix  1  and  2  for  Tmax  below  the  beta  transus,  and  the  microstructures  for  the  samples 
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Figur  6.  Comparison  of  weld  mierotmicturcs  for  differeni  interface  temperatures  above  the  beta  transus 
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Figure  7.  Glee  Me  welding  cycle  for  Test  Matrix  2  and  STOA  teal  aeries. 
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Figure  8.  Tensile  results  fur  Test  Matrix  2. 
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Figure  9.  C harpy  V-Notch  impact  energy  for  Test  Matrix  2. 


welded  below  1815  °F  are  similar  to  those  at  the  same  temperatures  in  Matrix  1.  The 
structure  of  samples  welded  at  1950  °F  (1066  °C)  in  Figure  10  shows  the  effect  of  beta 
forging  on  the  prior  beta  grains.  In  comparing  30  and  1009b  upset  in  the  figure,  it  is  evident 
that  the  greater  upset  increased  the  distortion  and  the  breakup  of  the  prior  beta  grains. 
High  Charpy  values  were  measured  for  each  structure. 


The  Ti-6A1-4V  base  material  used  in  this  program  had  a  different  microstructure  (i.e.,  a  high 
volume  fraction  of  alpha  plates)  than  typically  used  in  the  forgings  for  actual  IBR  fabrication. 
This  base  metal  microstructure  (see  Figure  1)  is  associated  with  the  textured  lamellar 
grain  structure  observed  in  some  welds.  This  textured  grain  structure  was  oriented  in  the 
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Figure  10  Microsmiclurc  of  beta-forged  welds  wilh  10  and  lOOBf  upset. 


direction  of  the  plastic  “flow  lines"  in  regions  of  the  weld  zone  that  did  not  exceed  the  beta 
transus  temperature.  The  textured  structure  may  he  associated  with  a  failure  mode. 
Therefore,  a  small  test  series  was  conducted  using  Ti-6AI-4V  base  material  with  the  same 
microstructure  to  he  used  in  actual  hardware. 

Base  Material 

To  obtain  material  with  an  acceptable  mi- 
crostucturc,  bars  of  the  original  Ti-6AI-4V 
base  material  were  "solution-treated/over- 
aged"  (STOA)  in  house  to  eliminate  the 
high  volume  fraction  of  alpha  plates.  The 
STOA  heat  treatment  consisted  of  1770  ± 

10  °F  (965  °C)  for  two  hours,  followed  by  a 
water  quench  and  a  further  age  at  1 1 10  °F 
±  20  °F  (6(X)  °C)  for  four  hours.  The  re¬ 
sulting  STOA  mierostructure  is  shown  in 
Figure  1 1.  This  mierostructure  consists  of 
a  much  lower  volume  fraction  of  discrete 
primary  alpha  in  a  transformed  beta  matrix. 

Uiatpy -Results 

The  test  matrix  for  this  series  included  weld  temperatures  ranging  from  1850  °F  (Kill)  Tl 
to  2050  °F  (1 121  C>C)  and  weld  upsets  from  50  to  1  (K>9f .  The  Charpy  impact  results  for  the 
STOA  material  are  shown  in  Figure  12  along  with  the  results  for  Test  Matrix  2  for  compari¬ 
son.  Charpy  values  for  the  welded  STOA  material  are  generally  higher  than  those  for 
welds  made  with  the  original  material.  Also,  the  STOA  Charpy  values  show  less  scatter. 

CuEtlusiuns 

1.  The  Charpy  and  melallographic  results  indicate  that  it  would  be  desirable  to  choose 
a  beta  forging  welding  process  with  a  temperature  window  extending  from  1850  °F 
(1010  °C)  to  2050  'T  (1121  °C).  An  acceptable  window  on  upset  extends  from  50 

to  urn. 
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No  statistically  significant  trend  of  Charpy  impact  energy  wilh  upset-rate  has  been 
noted  for  upset  rates  extending  from  0.1  to  10  inch/sec  (0.25  to  25  cm/sec)  and  no 
trend  of  Charpy  impact  energy  with  percent  upset  (50  to  1005? )  was  noted. 
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Figure  12.  Chirpy  impact  results  for  the  STOA  material  and  Test  Matrix  2. 


3.  Metallography  showed  that  beta  forging  distorted  and  broke  up  the  large  prior  beta 
grains.  This  microstructure  is  desired  for  high  impact  energies  and  good  fatigue 
properties. 

4.  Tensile  results  were  equivalent  to  the  base  material  value. 

5.  Charpy  impact  energies  for  welds  made  using  STOA  Ti-6A1-4V  material  are  higher 
and  show  less  scatter  than  the  energies  for  welds  made  with  non-STOA  material. 
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BTT-3,  Alloy  C,  22 
Casting,  23 
Fire  Resistance,  22 
Medical,  22 
MMC,  24 

Beta  Grain  Size,  77-81 
Beta  Isomorphous,  557 
Beta  Phase,  643-650 
Beta  Stabilizers,  550, 822-825,  828, 
2,901 

Beta  Titanium  Alloy,  185 

Ti-1 5V-3Cr-3Sn-3AI,  580-586 
Cold  Strips,  586 
Beta  Transus,  823 
Beta-C  Titanium  Alloy,  505 
Beta-C,  2,087, 2,088 
Beta-C"  Titanium,  2,095,  2,096,  2,098 
Beta-C",  263,  415 
Beta-Ti  Solid  Solution  Alloys,  1 ,779 
Beta  Titanium  Alloy 

Ti-15V-3Cr-3Sn-3AI,  482-488 
Bias  Voltage,  2,119-2,124 
Billet,  1,851, 1,852, 1,854-1,858 
Bimodal  Microstructure,  129, 131 
Blended  Elemental,  794 
Bonding  Strength,  1 ,609 
BT  3-1  Alloy,  603-605,  863 


2,950 


BT  5-1  Alloy,  603-605 
BT  6  Alloy,  603-605 
BT  16  Alloy,  865, 862 

C - 

C-Curve,  559 

C.P.  Ti,  2,751-2,752 

Ca  Ti  F6, 2,393, 2,396,  2,398 

Carbon  Distribution  2,851 , 2,855 

Case  Assembly,  2,893 

Case  Depth,  10 

Casting  Mold,  10 

Casting  Shell,  10 

Casting  Shrink  Defects,  12 

Casting,  1,503, 2,756,  2,767,  2,769, 

2,895 

Hot  Isostatic  Processing,  1,319- 
1,328 

Investment  Casting,  1,503 
Moulding  Methods,  1,319-1,328 
Mechanical  Properties,  1,319- 
1,328 

Near  Net  Shape,  1 ,503 
Quality,  1,319-1,328 
Techniques,  1,319-1,328 
Thermochemical  Processing, 
1,331-1,335, 1,337 
Castings,  10, 61 , 801 , 802 
Caustic  Resistance,  2,097 
Cavity,  2,319, 2,320,  2,322 

Shrinkage  Cavity,  2,318,  2,320 
Shrinkage  Cavity  Line,  2,320 
CCT  Diagrams,  643-650 
Centrifugal  Casting,  2,756 
Ceramic  Coated  Tool,  2,027 
Ceramic  Reinforcement,  2,468 
Charpy  Impact  Energy,  1,875-1 ,878 
China,  2,891 

Cleavage  Fracture,  327,  328,  331 , 
333,1,155 

Coating  Properties,  2,537-2,544 
Coatings,  48 
Cold  Hearth,  59 

Melting,  2,363,  2,364,  2,365 
Refining,  2,347 

Cold-Rolled  Titanium,  497-504 
Combustion  Synthesis,  895,  896, 
2,519,2,523 


Compact  Tension  (CT),  1 ,867, 1 ,868 
Component  Cost,  8 
Composite  Toughening,  2,481 
Composites,  2,467,  2,519 
Fibre  Coating,  2,636-2,639 
In-Situ  Strengthening,  407-411, 
413 

Metal  Matrix  Composites,  2,577, 
2,578 

Metal-Metal  Matrix,  407-409 
SiC  Fibre,  2,633,  2,634,  2,635, 
2,637,2,638,  2,639 
Titanium/Ceramic,  2,503 
Ti-6AI-4V/SCS6,  2,578 
TI-6AI-4V/S1240,  2,578 
Ti6AI15V  Matrix,  2,633-2,635, 
2,638 

Computer  Aided  Design,  4 
Computer  Aided  Manufacture,  4 
Computer  Simulation,  1 ,387,  1 ,388, 
1,907 

Finite  Element  Method,  1 ,907, 
1,911 

Material  Model,  1,907-1,914 
Condensate,  2,425 
Condenser  Tube,  2,835, 2,836 
Condenser,  2,795-2,802 
Constituitive  Modeling,  2,611-2,612 
Constituting  Model,  979 
Constitutive  Relations,  7 
Contaminants,  46 
Continuous  Mill,  1 ,543 
Cooling  Diagram,  560 
Cooling  Rates,  1 ,027, 1 ,028, 1 ,030 
Cooling  Rate  Effects 

Creep  Properties,  314,  317,  318 
Microstructure,  312,  313 
Corona  5  -  See  Ti-4.5A1-5Mo-1  5Cr 
Corrosion 

Galvanic,  2798 
Properites,  2,805 
Resistance  2,737,  2,739, 2,740, 
2,087,  2,095,  2,104,  2,143,  2,145, 
2,157,2,158 
Cost,  793 

Crack  Bridging,  2,529 
Crack  Closure 

Plasticity  Induced,  1 ,920, 1 ,921 


Measurement,  1 ,920 
Load  Ratio  Effects,  1 ,921 , 

1,922 

Notch  Root  Plasticity,  1 ,921 , 

1,922 

Crack  Growth  Experiments,  1 ,075 
Crack  Growth  Rate,  1 ,869 

See  Fatigue  Crack  Growth  Rate 
Crack  Growth  Resistance,  1,155, 
2,529,  2,531,2,532,  2,533 
Crack  Opening  Displacement,  1 ,073 
Crack  Propagation,  331-333*Fatigue- 
Cracking,  2,025,  2,055 
Creep,  306, 1,251, 1,256, 1,257, 
1,653,1,654,1,656-1,658 
Testing,  1,717, 1,719, 1,723 
Bending,  1,718, 1,719 
Equipment  and  Procedures 
to  Minimize  Bending,  1 ,718, 
1,719 

Creep  Behavior,  439, 441 

Creep  Crack  Growth  Behavior,  353 

Creep  Life,  328-331 

Creep  Properties,  2,790 

Creep  Properties,  83, 84,  320-322, 

466, 1,346, 1,593,  1,595-1,599, 1,774, 

1,778 

Ti-6.2AI-2.7Sn-4Zr-  4Mo-.45Si, 
83,84 

T1-5.8AI  4Sn-3.5Zr-.7Nb-.5Mo- 
.35Si-.06C,  83,  84 
Creep  Resistance,  343, 391 
Creep  Rupture  Strength,  1 ,060 
Creep  Rupture  Tests,  2,594 
Creep  Strengthening  Mechanism, 
1,709 

Creep  Test.  371, 1,123, 1,124, 1,128, 
2,594 

Crevice  Corrosion,  2,157,  2,158, 

2,193 

Cryogenic  Mechanical  Properties, 

121,122 

Cryogenic  Temperatures,  1 ,827-1 ,829 
Crystallographic  Texture,  1 ,81 2 
C'JRV  III  Submersible  Vehicle,  2,729 
Cyclic  Fatigue,  2,601 
Cyclic  Oxidation,  1,972, 1,975 
Cyclic  Softening,  1,843, 1,847 


Dislocations,  1,848-1,850 
Twins,  1,848, 1,849 
Strain,  1,845-1,848 

D - 

da/dn,  See:  Fatigue  Crack  Growth 
Rate 

Damping  capacity,  2,675 

Titanium  Aluminide,  2,681 , 2,682 
Debonding,  2,611 

Decomposition  of  b-Phase,  643-650 
Deep  Drawing,  1 ,859 
Defective  Particles,  2,288,  2,289 
Defects,  2,806 
Hard,  2,806 
Soft.  2,806 
Statistics,  2,809 
DEFORM,  4 

Deformation  Behavior,  1,733-1,738 
Deformation  Induced  Transformation 
Martensite,  1 ,835, 1 ,841 
Twins,  1 ,835,  1 ,841 
Deformation,  683-688 
Damage,  2,609-2,613 
Inelastic,  2,609,  2,610,  2,613, 
2,614 

Mechanisms,  2,609, 2,613 
Modeling,  2,612 
Plasticity.  2,609-2,611, 2,613 
Dendrite,  823 
Dental  Application,  2,756 
Denture  Base,  2,773,  2,776, 2,777 
Denuded  Zone,  2,618,  2,620 
SiC  Fibers,  2,617 
Ti-24AI-11Nb,  2,617 
Deoxidation,  1,211-1,218 
Descaling 

Chemical  Reaction,  2,153 
Molten  Alkaline  Bath,  2,149-2,150 
NaNo3  Content,  2,149,  2,150 
Oxidizing  Bath,  2,149 
Pickling,  2,150 
Thermo-Mechanical  Effect, 
2,152-2,153 
Densification,  9 
Diffusion  Barrier,  2,163 
Diffusion  Bonding,  1 ,437-1 ,439, 
1,445,1,451 


Joint  Formation 
Deformation-Time 
Parameters,  1 ,445-1 ,450 
Alloy  Structure,  1 ,447, 1 ,448 
Alloy  Composition,  1 ,449 
Joint  Configuration,  1 ,450 
Multi-Sheet  Structures, 
1,319-1,328 

Super  Alpha-2, 1,629, 1,630 
Bonding  Variables,  1 ,628-1 ,630 
Modelling,  1,626-1,628 
Diffusion  Welds,  1,453, 1,454 
Dilatometric  Studies,  755-757 
DilatometricTests,  739 
Directional  Solidification 
Ti-52AI,  1  091, 1,098 
Disk  Failures,  2,807 
Dispersion  Strengthening,  927 
Dispersoids,  431-438 
Coarsening,  431-438 
Restraint  of  Grain  Growth, 
431-438 

Rare  Earth,  431-438 
DOSS  Process,  2,234,  2,265 
Drip  Melting,  2,347 
Drop  Forging,  359 
Ductility,  643-650 
Duplex  Aging,  1 ,883 
Effect  on  Properties 
Ti-3AI-8V-6Cr-4Mo-4Zr,  79, 

80  86  87 

Ti-1 5V-3Cr-3AI-3Sn,  79,  80 
Dynamic  Friction  Factor,  2,713-2,716 
Dynamic  Grain  Growth,  8 
Dynamic  Tear  Test,  233,  239 

E - 

EB  Evaporation,  651 , 652 
Economics,  2,227 
Eddy  Current  Test  2,835, 2,837 
Effect  of  Alloying  Elements,  2,081  - 
2,086 

Effect  of  Beta  Stabilizers,  2,111-2,117 
Electrical  Beam  Melting,  2,273 
Electrical  Resistivity,  2,273, 2,743, 
2,746 

Electrolytic  Refining,  2,273 
Electro  Refining,  2,371 


Electrochemical  Charging,  2,010 
Electrode,  2,303,  2,334,  2,751 
Consumable  Electrode,  2,317, 
2,318,  2,322 

Electrolytic  Manganese  Dioxide, 
2,751-2,756 
Electromagnetic,  2,290 
Electron  Beam  Cold  Hearth  Melting 
Condensate,  2,345 
High  Density  Inclusion(HDI), 

2,341 

High  Interstitial  Defect  (HID), 

2,341 

Maximelt,  2,339 
Mold,  2340 
Spatter,  2,345 
Titanium  Slab,  2,340 
Electron  Beam  Melting,  59 
Electron  Beam  Remelting,  2,345 
Electronic  Bottle,  2,729, 2,733 
Electronic  Grade  71,  2,743 
Electroplating 

Titanium  Electroplating,  1 ,997, 
1,998,  2,000,  2,001,2,004 
Pulse  Electroplating,  2,000,  2,001 
Metallograph  of  Titanium  Coating, 
2,000,  2,004 
Electroslag,  2,377 

Electroslag-Remelting,  2,331 , 2,333 
Electrowinning,  2,439,  2,441 
Elevated  Temperature  Data,  2,063, 
2,607 

Elimination  of  Inclusion-Type  Defects, 
2,416 

Embrittlement,  643-650,  2,081  -2,086 
Endosseous  Implants,  2,757 
Energy  Transition  Temperature,  1 ,877 
Engine  Accidents,  2,806 
Engines,  2,833, 2,892 
Enviromental  Cracking,  2,074 
Environmentally  Assisted  Cracking, 
2,201,2,209-2,215 
Environment 
Fatigue,  1 ,221 
Oxidation,  1 ,221 
Vacuum,  1 ,221 
Equiaxed  Alpha,  113 
Exhaust  Valves,  2,681 ,  2,683 


2,953 


Expert  Systems,  5 
Explosive  Welding,  1,611 
Extrusion,  1,049, 1,100 


Failure  Modes 

Alpha/Beta  Interface  Cracking, 
1,698 

Facetting,  1,771 
Rooftopl  ,697, 1,770 
Fan  Frame,  11 
Fasteners,  1 ,559, 2,899 
Fatigue,  84-87, 1 ,852, 1 ,854-1 ,858 
Crack.  1,741-1,748 
Crack  Formation,  1 ,742, 

1,743, 1,745 

Crack  Growth,  1 ,803,  1,195- 
1,198, 1,743,  1,744,  1,746- 
1,748,1,819,1,822 
Short  Cracks,  1 ,741-1 ,748 
Threshold,  1,743, 1,744 
Crack  Growth  Rate,  84-88 
Ti-3AI-8V-6Cr-4Mo-4Zr, 

86,  87 

Ti-6AI-4V,  84,  85 
Crack  Closure,  1 ,835, 1 ,837- 
1,839, 1,841 

Crack  Growth  Resistance,  1 ,227 
Crack  Propagation,  1 ,376 
Crack  Threshold,  85,  86 
Cyclic  Loading,  1 ,237 
Elevated  Temperature,  1,198 
Environment,  1 ,221 ,  1 ,222 
Fracture,  497-504 
Failure,  2,867 
Frequency,  1 ,222 
Grain  Propagation 
ao/w,  2,654 
Bifurcation,  2,653 
Initial  AKgpp,  2,651 
Ti/SiC  Fibre  Composites, 
2,650 

Growth  Rates,  1,751-1,755 
Small  Cracks,  1,751-1,755 
Long  Cracks,  1,751-1,755 
Transitional  AK  1 ,751-1,753, 
1,755 

Static  Effects,  1 ,755 


Kmax.  1.197, 1,201 
Low  Cycle  Fatigue,  2,578-2,579, 
2,582 

Mechanism,  1 ,231 
Oxidation,  1 ,221 , 1 ,222 
Properties,  113, 118, 119 
Resistance,  505 
R  Ratio,  1,197, 1,200, 1,201 
Static  Modes,  1,197 
Strength,  132, 1,831, 1,832 
Stress  Intensity  Factor  Range, 
1,837, 1,839,  1,841 
Temperature,  1 .221 
Tension-Tension,  2,578 
Testing,  972 

Three  Point  Bending,  2,578 
Ti-6AI-4V,  84-86 

Ti-6AI-2.7Sn-4Zr-.4Mo-.45Si,  85, 
86 

Ti-5.8AI-4Sn-3.5Zr-.7Nb.5Mo- 
35Si-.06C,  85 

Ti-3AI-8V-6Cr-4Mo-4Zr,  86.  87 
Vacuum.  1 ,221 , 1 ,222 
Fatigue  Strength,  1,835 
Fatigue  Crack  Propagation, 
1,835-1,841 

Crack  Closure,  1 ,835, 1 ,837- 
1,839, 1,841 

Stress  Intensity  Factor  Range, 
1,837,  1,839,  1,841 
Fatigue  Crack  Proagation,  2,578, 
2,579,  2,583-2,584 
Fiber-Matrix  Sliding,  2,611 
Fibre  Push-Out  Testing 

Ti/SiC  Fibre  Composites,  2,650 
H-6AI-4V/SCS6,  2,650 
Ti-1 5-3/SCS6,  2,650 
Ti  p21  s/SCS6,  2,650 
Fibre  Reinforced  Composites, 
2,529-2,535 

Micromodeling,  2,529-2530,  2534 
Crack  Growth  Resistance, 
2,531-2,534 

Fracture  Mechanics  Parameters, 
2,529-2,530,  2,534 
Weight  Function  Analysis,  2,529- 
2,530,  2,534 
Fibre  Reinforced,  2,529 


Fibre  Reinforcement,  2,471 
Finite  Element  Analysis,  4, 2,537- 
2,544,  2,724 

Principal  Stresses,  1,792, 1,793 
Effective  Stresses,  1,792, 1,793 
Hydrostatic  Stresses,  1 ,792, 
1,793 

Finite  Element  Formulation,  1,439, 
1,440 

Finite  Element  Model,  1 ,403, 1 ,404, 
2,531 

Forging  on  Microstructure,  Effect 
of,  244 

Forging  Superalpha  2, 980 
Forging,  4, 1,387, ,  996, 1,100, 1,101, 
1,107-1,109, 1,390 
Open-Die  Forgings,  1,357 
Heavy  Wall  Thickness,  1 ,356, 
1,357, 1,359, 1,362 
Low-Alloy  Titanium,  1,355 
Hot-Forming,  1,358 
Forging  Route,  1 ,358 
Forging  Facilities,  1 ,357, 1 ,358 
Forming  Pressure  Profile,  6 
Forming  Process 

Flow  Forming,  1 ,430 
Flow  Forming  at  Elevated 
Temperature,  1 ,431 
Forming  Parameters,  1 ,430 
Fractography.  126, 1,680,  2,598, 
2,599 
Fracture 

Alpha-2  Alloys,  1,171-1,178 
Intercrystalline  Fracture,  730 
Transcrystalline  Fracture,  730 
Ti-25AI- 1 0Nb-3V- 1  Mo ,  1,171- 
1,178 

Micromechanisms,  1,179 
Cleavage,  1,180 
Fracture  Analysis,  1,474-1,476 
Fracture  Behavior,  1,049, 1,050 
Fracture  Mechanics,  2,725 
Fracture  Mechanism,  105 
Fracture  Surface,  2,051 , 2,052 
Fracture  Topography 

Brittle  Fracture,  527-530 
Cleavage  Crack,  527-530 


Ductile  Fracture,  527-530 
Secondary  Tored  Cracks,  527-530 
Fracture  Toughness,  77-82, 113, 115, 
125,  217,  222,  343, 353,  371 , 391 , 
466,821,825,  1,061, 1,180,  1,181, 
1,374, 1,611, 1,614, 1,791, 1,852, 

1 ,854-1 ,856, 1 ,875, 1 ,876,  2,676, 
2,721 

Ti-6-22-22, 1,649, 1,650 
Fretting  Fatigue,  50 
Fretting  Test,  2,066 
Friction  Contact  Adhesion,  2,006 
Friction,  2,006,  2,007 

CTi  icoH  Calf 

NaCI-KCI  Fused  Salt,  1 ,997, 

1,998 

Titanium  Electroplating  on  Fused 
Salt,  1,997,  1,998,  2,000,2,001 
Titanium  Electrochemical  Process 
in  Fused  Salt,  1 ,997, 1 ,998, 
1,999,  2,003 

Q  - - —  —  - - - — 

Y.  48 

Gamma  Alloys,  383 
Gamma  TiAl,  1 ,091-1 ,098 

As-Solidified  Microstructure, 

1,093, 1,094, 1,096 
Directional  Solidification,  1,091- 
1,098 

Hydrogen  Effects,  1 ,092, 1 ,096, 
1,097 

Hypoperitectic  Composition, 

1,091, 1,097 

Microprobe  Analysis,  1 ,095, 1 ,096 
Gamma  Titanium  Aluminide,  1,115- 
1,122,  2,907 
Casting,  1,487 
Creep,  1,267-1,274 
Design  Requirements  for  Gas 
Turbine  Engines,  2,908 
Fracture  Toughness,  1 ,267-1 ,274 
Gas  Turbine  Engine  Aerofoils, 
2,907 

Gas  Turbine  Engine  Drives,  2,907 
Gas  Turbine  Engine  Structures, 
2,907 


2,955 


Microstructures,  1 ,267-1 ,274 
Mechanical  Properties,  1 ,267- 
1,274 

Properties,  1 ,492 
Tensile,  1,267-1,274 
XD™,  1,487 
Gas  Nitriding,  1,980 
Gas  Nitro-Carbonizing,  1,980 
Gas  Tungsten-Arc  Welding,  1,116, 
1,117 

Gas  Turbine  Engine,  2,907 

Design  Requirements,  2,908 
Titanium  Aluminide  Aerofoils, 
2,907 

Titanium  Aluminide  Structures, 
2,902, 

Titanium  Aluminide  Drives,  2,910 
Gaseous  Hydrogen  Medium,  2,049, 
2,050 

Glass-on-Aluminide  Coating,  2,185 

Golf  Club  Heads,  61 

Grade  1  Ti.  2,194 

Grade  2  Ti.  2194 

Grain  Boundary,  826 

Alpha  (GBa),  643-650, 1,515 
Effect  on  Properties,  77 
Pinning,  774 
Grain  Diameter,  636 
Grain  Growth,  457,  635,  770-784,  824 
Abnormal,  668,  673,  773,774 
Activation  Energy,  770-772, 
777-784 

Critical  Strain  Level,  670-674 
Effect  of  Phase  Transformations, 
668,  670,  672,  674 
Grain  Boundary  Migration,  671  - 
674 

Growth  Order,  777-784 
Grain  Growth  Rate,  770-776 
Kinetics,  643-650,  668, 

670,  672 

Treatment  in  the  p  Temperature 
Range,  668, 671 

Grain  Size,  7,  643-650,  777-784,  824, 
998,  1,617,  1,623, 1,902-1,904 
Grain  Refinement,  456,  459 
Substructure, 460,  461 


Grain  Size,  Beta,  77-81 

Effect  on  Strength,  Ductility  and 
Toughness,  77-81 
Ti-1 5V-3Cr-3AI-3Sn,  77-81 
Ti-3AI-8V-6Cr-4Mo-4Zr,  78-80 
Ti-10V-2Fe-3AI,  79 
Beta  Alloys,  77-81 
Gravimetric  Separation,  2,281 
Green  Density,  2,522 
Grindability,  1,617-1,623 
GTA  Welding,  1,470,  1,472 

H - 

Hardenability,  643-650 
Hardness,  643-650,  825,  826, 1,884- 
1,889 

HDH  Process,  919,  922 
Hearth  Melt  Technology,  2,451 
Heat  Treatment  (Treating) 

Effect  on  Properties,  1 ,648-1 ,652 
Heat  Treatment,  643-650 
Aging,  1 ,883-1 ,890 
P  Solution  Treatment,  459-462 
Cold-Working,  1,883-1,890 
Cooling  Rate,  460-462 
Duplex-Aging,  1 ,883, 1 ,884 
Phase  Transformation,  456, 457 
High  Cycle  Fatigue  (HCF),  131-139, 
303,  306,  307,971-977,1,375, 

1,827 

High  Density  Defects  (HDD),  2,234 
High  Density  Inclusion  (HDI),  2,234, 
2867,  2,868 

High  Intersticial  Defect,  2,867,  2,868 
High  Pressure  Hydrogenation  (HPH), 
879,  882 

High  Purity  Titanium,  56,  2,459,  2,464, 
2,843,  2,847 

High  Temperature  X-Ray  Diffraction, 
588,  590,  592,  593,  596 
Hot  Bar  Rolling,  1,543, 1,545 
Hot  Extrusion,  895,  896 
Hot  Isostatic  Pressing  (HIP), 10,  383, 
1,503 

Effect  on  Microstructure,  1 ,503, 
1,505, 1,506 

Effect  on  Tensile  Properties 


2,954 


1,503,  1,505,  1,506 
Effect  of  Temperature  1 ,503, 
1,505, 1,506 

Effect  of  Pressure,  1 ,505, 1 ,506 
Hot  Rolling,  996 
Hydride,  619-625 
Hydriding,  2,L01 

Hydrogen  Absorption,  2,087,  2,088, 
2,089,  2,090,  2,093,  2,094,  2,100 
Hydrogen  Solubility  in  Ti,  2,153 
Prevent  from  Absorption,  2,153 
NaN03  Effect,  2,153 
Bath  Temperature  Effect,  21 53- 
2154 

Descaling  Time  Effect,  2154 
Sheet  Thickness  Effect,  2155 
Hydrogen  Assisted  Stress  Cracking, 
2,055,  2,056 
Hydrogen  Effects,  on, 

As-Solidified  Microstructure, 
1,096,1,097 

Directionally  Solidified  Ti-52AI, 
1,092, 1,096, 1,097 
Hydrogen  Embrittlement,  1 ,283, 
1,867,  1,285,  2,049 
Hydrogen  Plasticization,  861 
Hydrogen,  2,025,  2,055,  2,163 
Hydrogen  Modification,  1 ,694 
Strain-Time  Behaviour,  1 ,696 
Fatigue  Life,  1 ,694-1 ,696 
Hydrovac  Treatment  (HVC),  871-873, 
876 

Hypoperitectic  TiAl  Composition, 
1,091,  1,097 

I - 

llmenite,  2,247 
IMI  550  Superplasticity 

(J-Phase  Proportion,  1,532, 

1,533 

Deformation  Variables, 
1,529-1,531 

Elongation  to  Failure,  1 ,531 , 
1,532 

Grain  Growth,  1,530, 1,531 
IMI  829,  See:  Ti-6.1AI-3.2Zr-3.3Sn- 
1Nb-0.5Mo-0.32Si 


IMI-834,  19,  42,  44,  46,  48,  295-298, 
2,915,  2,917 
Alloying  Additions,  2,038 
Kinetics,  2,039 
Oxidation,  2,037 
See:  Ti-5.8AI-4Sn-3.5Zr-.7Nb- 
.5MO-.06C 

Impurity  Content,  1 ,031 
In  Vacuum,  497-504 
In-Site  Composite,  2,469 
Inclusion  Removal 

HDI  Dissolution,  2,259 
LDI,  2,257,  2,261 
Inclusions,  2,401 , 2,402 
Induction  Slag  Process,  2,393,  2,396 
Inert  Gas,  1 ,026, 1 ,027 
Ingot  Metallurgy,  821 , 1 ,049 
Ingot  Quality,  2,415,  2,416 
Ingot 

Cast  Ingot,  2,318,  2,319,  2,323 
Melt  Pool  Depth,  2,320,  2,321 
Initial  Material  Composition,  2,419 
Interface  Properties 

Fibre/Matrix  Bonding,  2,633, 
2,637-2,639 

Interface  Strength,  2,634,  2,638, 
2,639 

Interface  Zone,  2,556 
Interfacial  Properties 

Crack  Bifurcation,  2,653 
Debonding  Shear  Stress,  2,651 
Reaction  Products,  2,651 
Ti-6AI-4V/SC  S6,  2,650 
Ti-1 5-3/SC  S6,  2,650 
Ti  B215/SC  S6,  2,650 
Intergranular  Failure,  351 
Intermetallic  Alloy  Powders,  1 ,026- 
1,032 

Intermetallic  Alloy,  1 ,61 
Intermetallic  Compound,  933, 1,123, 
1,211 

Intermetallic  Matrix  Composites  (IMC), 
1,131,2,546 
Fatigue,  1,139-1,146 
Crack  Growth  Rates,  1,139- 
1,146 

Microstructure,  1,139-1,146 
Lamellar  Orientation,  1,142-1,144 


2,957 


Fracture  Toughness,  1,139-1,146 
Test  Piece  Orientation,  1 ,140 
Lamellar  Orientation,  1,141, 

1,142 

Ti-48AI  Microstructure,  1,141 
Intermetallics,  733,  797 
Internal  Floating,  497-504 
Investment  Cast  Titanium 

Ti-6  AI-4  V,  2,495,  2,497, 2,498 
Bicasting,  2,495-2,501 
Selective  Reinforcement,  2,495, 
2,496,  2,500,  2,501 
Investment  Casting,  11, 415,  879, 
1,065,  1,495,  1,511, 1,519, 
2,915 

Gamma  Titanium  Aluminide, 
1,267-1,274 

Mechanical  Properties,  1 ,267- 
1,274 

Microstructures,  1 ,267-1 ,274 
Iodide  Process,  2,459-2,464 
Iodide  Refining,  2,273 
Ion  Beam  Treatment,  2,163 
Ion  Implantation,  2,103-2,108 
Ion  Implantation,  2,103-2,108 
Iron,  821-823 
Isostatic  Diffusion  Bonding 
Modelling,  1,626-1,628 
Super  Alpha-2,  1,629, 1,630 
Isothermal  Decomposition,  643-650 
Isothermal  Fatigue,  2,625, 2,626 
Isothermal  Forging,  399,  979,  2,674, 
2,812 

Characteristics,  1,319-1,328 
Equipment,  1,319-1,328 
Modelling,  1,319-1,328 
Isothermal  Omega,  643-650 
Isothermal  Process,  707,  712 
Isotropic  Softening,  1 ,762 

j - 

Joint  Quality 

Mechanical  Properties,  1 ,448- 
1,450,  1,452 
S:  -cture,  1 ,447 

K 

Kinematic  Softening,  1,762 


Kinetics  of  Aging,  643-650 

of  Alpha  Precipitation,  643-650 
of  Grain  Growt'i,  643-650 
Kroll  Process,  55,  2,309 

L - 

Laser  Nitriding,  1,980 
Laser  Treatment,  554,  555 

Commercial  Purity  Ti,  2,641-2,648 
Flardness  Profiles  2,641-26,48 
Melt  Profile,  2,641-2,648 
Metal-Ceramic  Composite,  2,641- 
2,648 

Microscopy,  2,641-2,648 
Microstructures,  2,641-2,648 
Reaction  Products,  2,641-2,648 
Residual  Stress,  2,641-2,648 
SiC  Particles,  2,641-2,648 
TiC,  2,641-2,648 
Ti5Si3,  2,641-2,648 
X-Ray  Diffraction,  2,641-2,648 
Laser  Ultrasonics  2,819, 2,820,  2,821  - 
2,825 
Laser 

Cast,  1,395-1,402 
Near  Shape,  1 ,395-1 ,402 
Titanium  Alloys,  1 ,395, 1 ,398, 

1 ,400,  1 ,402 

Sponge  Fines,  1,396-1,401 
Lattice  Parameter,  2,122,  2,123,  2,124 
Leaching,  805,  807,  808,  2,247 
Load  Shredding,  2,594,  2,599,  2,628 
Loading  Test,  2,019 
Longitudial  Tension,  2,559 
Lost  Wax  Process,  1,519 
Low  Alloy  Titanium  0.3Mo-0.8Ni 
Application,  1,355, 1,356 
Corrosion  Resistance,  1 ,355, 
1,356 

Mechanical  Properties,  1 ,356 
Design  Allowables,  1 ,356 
Low  Cycle  Fatigue  Life  (NO,  513,  518, 
520,  521 

Low  Cycle  Fatigue  (LCF),  44, 131- 
139,  304,  307,  468,  469,  971-977, 
1,376,  1,757, 1,955, 1,956 
a+p  Titanium  Alloy  VT9, 1 ,955, 
1,956 


2,951 


Fatigue  Life,  1,955, 1 ,958, 

1,960, 1,961 
Cyclic  Softening,  1 ,958 
Tensile  Hold,  1,955, 1,960, 1,961 
Coffin-Manson  Plot,  1 ,955, 1 ,958- 
1,960 

M - 

Magnetic  Seperation,  2,281 
Manufacture 

Forging  Route,  1 ,358 
Melting,  1,357 
Pressing,  1 ,358 

Sample  Integrated,  1 ,357, 1 ,358 
Upset  Forging,  1 ,358 
Martensite,  643-650 
Master  Alloy,  2,445 
Material,  1,851, 1,852, 1,854-1,858 
Ti-6A1-4V,  1,931,  1,934-1,936 
Materials  Distribution,  2,879 
Materials,  1,923-1,927,  1,929, 1,930 
Ti-6AI-4V,  1,923,  1,925,  1,926, 
1,929,  1,930 

Matrix  Coated  Fibre  Process,  2,479, 
2,480 

Mean  Stress  Effects 

Load  Ratio,  1,916-1,921 
Maximum  Stress  Intensity, 

1,921 

Stress  Range,  1 ,921 
Mean  Stress,  1,751-1,755 
Load  Ratio,  1,751-1,755 
Fracture  Surface.  1 ,754, 

1,755 

Temperature,  1 ,751  -1 ,755 
Mechanical  Alloying,  793,  798,  829- 
834,  903,  904,  908,  909,  927,  933, 
940 

Mechanical  Behavior,  431-438,  959 
Creep  Strength,  431-438 
Creep  Life,  431  -438 
Creep  Rate,  431-438 
Tensile  Strength,  407-413, 431- 
438 

Mechanical  Properties,  177,  423,  429, 
447,  462,  473,  478-480,  505,  535, 
554,  643-650,  816,  928,  1,299, 
1,306,  1,555,  1,558,  1,574, 1,591, 


1,669,1,686,1,688,1,709,1,725, 

1 ,891  -1 ,895,  1 ,947,  1 ,950,  2,073, 
2,144,  2,185,  2,187-2,192,  2,201, 
2,472,  2,685,  2,733,  2,791, 2,805, 
2,891, 2,919,  2,923-2,925,  962,  965 
Crack  Nucleation,  1 ,636, 

1,638 

Crack  Propagation,  1,636 
Creep,  284,285,1,637,1,638 
Creep  Properties,  314,  317, 318 
Ductility,  1,891,  1,893-1,898 
Ductility,  Reduction  in  Area, 
Fatigue,  1,636-1,638 
Fracture  Toughness,  284,  285, 
1,1771,637-1,639 
Hardness,  1,461-1,468 
High  Strength,  1,891,  1,893 
KCV  Impact  Test,  1 ,461-1 ,468 
Small  Cracks,  1 ,637,  1 ,638 
Strength-Ductility  Balance,  1 ,891 , 

1.894- 1,897 
Structure,  1,461-1,468 
Tensile,  283,  284 

Tensile  Ductility,  1,172-1,177 
Tensile  Properties,  313,  314 
Tensile  Strength,  1,172, 1,893, 

1.895- 1,898 

Tensile  Tests,  1 ,461-1 ,468 
Toughness,  1,461-1,468 
Mechanical  Testing,  297, 1 ,594 
Melting  Capacity,  58 
Melting  Furnances,  57 
Melting,  57,  59,  60,  2,355,  2,357, 
2,377 

Gamma  Ti,  2,300 
IMI  834,  2,293 
Plasma  Torch,  1,026,  1,027 
Skull  Melting  Techniques,  1,026, 
1,027 

Super  a2,  2,299 
Metal  Loss 

Bath  Temperature  Effect,  2,154 
Effect  of  NaNo3  Content,  2.153 
Metal  Matrix  Composites  (MMC),  447 
2,467,2,479,  2,511,2,512,  2,518, 
2,529,  2,537-2,544,  2,546,  2,561 , 
2,593,  2,601,2,609 
CermeTi,  2,512-2,518 


2,959 


CermeTi-A,  2  514,  2,518 
CermeTi-B,  2,514,  2,517, 2,518 
CermeTi-C,  2,514-2,516, 2,518 
Erosion  Behavior,  2,496-2,497 
Mechanical  Properties,  2,487- 

2.489.2.491.2.493- 2,494 
Powder  Metallurgy,  2,487-2,494 
Particulates  Reinforced,  2,487- 

2.491.2.493- 2,494 
SiC  Fiber  Strength,  2,500 
SiC/Ti-6,242,  2,497 

Metallic  Magnesium,  2,426 
Metallography,  643-650 
Metastable-Beta  Titanium  Alloy,  643- 
650,  1,469, 1,947 
Micro-hardness,  2,010 
Microcracking,  1,665 
Micromechanism,  1,155, 1,156 
Microprobe  Analysis 

As-Solidified  Ti-52AI,  1,095, 1,096 
Microradiographed,  2,853 
Microstructural  Stability,  161 
Microstructure  and  Properties 

Metallurgical  Properties,  243,  244 
Microstructure  Development,  5, 431  - 
438 

Beta  Grain  Growth,  431-438 
Colony  Alpha,  431  -438 
Microstructure  Modelling,  7 
Microstructure  Properties/ 
Relationships,  77-88,  643-650 
Microstructure,  497-504,  823,  824, 
827,  1,470-1,473,  1,725.1,741- 
1,748,  1,852,  1,853,  1,855-1,858 
Basketweave,  456,  460,  462 
Bi-Modal,  313 
Colonized, 456,  460 
Effects  on  Crack  Growth,  1 ,742- 

1,748 

Primary  Alpha,  1,741-1,748 
Transformed  Beta,  1,742-1,748 
Equiaxed  a,  854-856,  858-860 
Grain  Boundary  a,  856 
Primary  a  Plates,  457, 458, 460 
Lamellar,  312-314,  455,  456 
Lath-Like,  457,  460 
a-Platlet,455,  460 
(3-Interlayer,  455,  460 


Widmanstatten  a,  854-856, 
858-860 

Microstructures,  643-650, 1,030, 
1,117-1,122 

Bi-Modal,  1,189, 1,190, 1,636- 
1,639 

Dendrites,  2,641  2,648 
Effect  on  Properties,  1 ,648-1 ,650 
Elongated  a,  1,836 
Equiaxed  a,  1 ,836 
Globular,  2,641-2,648 
Grain  Growth,  1,911-1,913 
Grain  Shape,  1 ,908, 1 ,909 
Grain  Size,  1 ,908, 1 ,909 
Interface  Microstructure,  2,636, 

2.637 

Interface  Reaction,  2,633, 2,636, 
2,637,  2,639 

Lamellar.  1,189. 1,191, 1,636- 

1.638 

Matrix  Microstructure,  2,636 
Retained  Metastable  p,  1 ,835, 
1,841 

TiB  Needle,  2,637 
TiC  particles,  2,637,  2,639 
Ti-25AI-1 0Nb-3V-1  Mo,  1,171- 
1,178 

Ti5Si3,  2,637,  2,639 
Ti-6-22-22,  1,648-1,650 
Tread  Life,  2,641-2,648 
Microvoid  Geometry,  1 ,437 
MMC,  161,2,467,  2,569 
Fiber  Coating,  2,471 
Reaction  Zone,  2,468 
Reinforcement,  2,468 
Thermodynamics,  2,468 
Mechanical  Properties,  2,472 
Modelling,  2,812 
Modulus,  824 

Monofilament  Composite,  2,569 
Morphology,  601 

N - 

Nanocrystalline  Material,  903 
Nanostructure  Material,  793,  799,  800 
Nanostructure,  903 
NDE,  2,812,  2,814 
Near  Alpha  Alloys 


2, WO 


Mechanical  Properties,  289,  293 
Near  Beta  Titanium  Alloys 
Ti-1 0-2-3,  2,673 
Ti-17,  2,673 
Nickel  Alumimde,  1,131 
Nitrogen  Flow  Rate,  2,120-2,124 
Non-Consumable  Electrode,  2,355, 
2,356 

O - 

Observations 

Microstructures,  484-487 
As-Deformed  Microstructures, 
484-486 

Post-Aging  Microstructures, 
483-485 

Omega  Phase,  225,  228,  229,  558, 
643-650 

Omega,  Effect  on  Crack  Growth  Rate 
Ti-3AI-8V-6Cr-4Mo-4Zr,  86,87 
Ordering  Transformation,  785,  788- 
790 

Orthogonal  Tests,  874 
Orthorhombic  Phase  Alloys,  343,  344, 
359,  837,  838,  840-843,  845,  847, 
849,  1,004-1,006,  1,008,  1,148, 
1,262,  1,263, 1,669,  1,671,  1,675 
Orthorhombic  Symmetry,  721 
Oxidation  Behavior,  22 
Oxidation  (by  Thermal  Exposure),  83, 
84 

Oxidation  Resistance,  1 ,891 , 1 ,892, 
1,895-1,897 
Oxidation:  Weight  Gain 
IMI  125,  2,037 
Super  Alpha  2,  2,037 
Ti-48AI-2Nb-2Mn,  2,037 
Oxide  Coatings,  2,005 
Oxygen  Content  Effect  on  Toughness 
Ti-6AI-4V,  81 

Oxygen  Diffusion  Coefficient 
IM1 125,  2,040 
Super  Alpha  2,  2,040 
Oxygen  Isotope,  2,424-2,427 
Oxygen 

Analysis,  823 

Effects  of,  821,822,825,  828 


p - 

Particle  Reinforcements 
SiC,  2,512,  2,513 
TiAl,  2,512-2,414,  2,518 
TijAl,  2,512 

TiB2,  2,513,  2,514,  2,517,  2,518 
TiC,  2,513-2,518 
Particle  Size  Distribution,  1 ,029 
Particulate  Composite,  2,469 
Particulate  Reinforcement,  2,561 
Peritectic  Solidification 
Ti-52AI,  1,091, 1,098 
Peritectoid  Decomposition,  1 ,993 
Phase  Diagram,  35,  556 
Phase  Equilibria,  563,  566,  675,  691, 
713,  1,259,  1,262 

Phase  Morphology,  643-650,  845,  847 
Phase  Stability,  1 ,243 
Phase  Transformation,  27,  588,  590, 
591 , 593,  597,  600,  601 , 643-650, 
705,  759,  941,943,  945,1,569- 
1.573,  1,687 
arPhase.  729,731,733 
Dissolution,  600 
Intermetallic,  733 
Precipitation,  600,  601 
Phase  Transitions,  547 
Phases 

Athermal  to,  697,  698,  701 , 704 
Orthorhombic  Martensite  a, 
697-704 

(Or,  697,  700-702,  704 
G)g,  697,  700-704 
Photometric,  2,287,  2,291 
Physical  Properties,  431-438,  2,684 
Crystallographic  Texture,  431-438 
Density,  2,698,  2699 
Hardness, 2, 698,  2,699 
Modulus  of  Elasticity,  2,698,2,699 
Thermal  Expansion,  2,698,  2,699 
Transus  Temperature,  2,699 
Young’s  Modulus,  431-438 
Physical  Vapor  Deposition,  2,479, 
2,481 

Physico-Mechanica!  Properties,  1,811, 
1,812, 1,817 

Plain  Strain  Fracture  Toughness, 

1,155 


2,?tl 


Plasma  Arc  Melting,  1,107, 1,235- 
1,237, 1,239 

Plasma  Cold  Hearth  Furnace,  2,363 
Plasma  Cold  Hearth  Melting,  2293 
Plasma  Melting,  60, 1,309,  2,301 
Plasma  Nitriding,  1,980,  2,127,  2,128, 
2,133 

Plasma  Welding 

Butt  Welding  in  Flat  Position, 
1,461-1,468 

Fit-Up  Tolerances,  1,461-1,468 
General,  1 ,461  -1 ,468 
Horizontal,  1,461-1,468 
Protection  of  the  Weld, 
1,461-1,468 
Vertical.  1,461-1,468 
Plasma  Spraying,  1,980 
Plastic  Behavior,  1 ,859 
PM  Parts,  9 
Poisson’s  Ratio,  2,609 
Postweld  Heat  Treatment,  1 ,470- 
1,473 

Potentiodynamic  Polarization,  2,104 
Powder  Metallurgy,  8,  431-438,  793, 
794,  813,919,1 .073,  1 ,083,  2,511- 
2,514,2,516,2,518 
Alloying  Advantages,  821 
Atomizer,  431-438 
Blended  Elemental  Method, 
887-894 

Mechanical  Properties,  887-894 
Microstructure,  887-889,  891-893 
Consolidation  Processing,  431  - 
438 

Extrusion,  2,51 1 , 2,51 3,  2,515, 
2,516,2,517 

Forging,  2,511, 2,513,  2,516, 
2,518 

Gas  Atomization,  280,  822 
Hot  Isostatic  Pressing  (HIP), 
2,511,2,512 

Mechanical  Properties,  431  -438 
Microstructure,  281 
Particle  Distributions,  823 
Powder  Microstructure,  431-439 
Prealloyed  Powder,  795 
Sintering,  2,513 


Precipitation,  643-650 
Alpha,  824,  825 
Precision  Forging,  2,893 
Preferred  Orientation,  2,119,  2,124 
Pressure  Nitriding,  1 ,979 
Pressure  Welding  Process,  1 ,941 
Primary  a2,  980,  981 , 985 
Primary  Alpha  Phase,  643-650 
Prior  p  Grains,  643-650 
Processing  Treatments 
Forming  Temperatures, 
1,924-1,928,  1,930 
Oxidation  Removal,  1 ,925, 1 ,929, 
1,930 

Processing  Window,  2,235 
Processing,  1 ,937,  1 ,938 
Cold  Drawn  2,  2,698 
Composite,  2,633-2,640 
Consolidation,  2,633-2,635,  2,639 
Creep,  2,633,  2,635,  2,636,  2,639 
Deforma’  jn  °rocessing, 
407-410,412,  413 
Diffusion  Bonding,  2,633-2,635 
Extrusion,  409 
Forging  2,  2,698 

Ingot  &  Powder  Metallurgy,  1 ,275, 
1,276 

Microstructure,  1,275-1,282 
Properties,  1,275-1,282 
Rolling  2,  2,698 
Swaging,  409 
Product  Development,  16 
Product  Form,  1 ,851 ,  1 ,852,  1 ,854- 
1,858 

Billet,  1,931-1,936, 1,938 
Forging,  1,931-1,933, 

1,935-1,938 
Sheet,  1,923,  1,925 
Properties,  1,852-1,858 

Close-Tolerance,  1 ,433,  1 ,435 
Roundness,  1 ,433 
Straightness,  1,433 
Crack  Growth,  1,924-1,928,  1,930 
Fatigue,  1,924-1,928, 1,930, 
1,932-1,938,  2,693-2,694 
Homogenous  Stress  Distribution 
1,433 

Microstructure,  1,928-1,930 


2,942 


Symmetrical,  1 ,433, 1 ,435 
Tensile  Properties,  1,924-1,927, 
1,930, 1,932,  1,934,  1,935, 
1,937, 1,938,2,691-2,694 
Toughness,  2,692 
Young's  Modulus,  2,692 
Protective  Coating,  1 ,971 
Push  Out  Testing,  2,569-2,572 
PVD,  1,980 

Q - 

Quality  Assurance,  2,805,  2,809 

R - 

Radioactive  Isotope  2,851 , 2,852 
Radioactivity,  55 
Radioautography,  2,851-2,853 
Rapid  Solidification,  431-438,  796, 
821,1,725 

Consolidation  Processing, 
431-438 

Mechanical  Properties,  431-438 
Rare  Earth  Elements.  1 ,725 
Rare-Earths.  2,892 
Reaction  Zone,  2,553,  2,555,  2,611 
Reaction-Zone  Cracks,  2,611 
Reactive  Sputtering,  2,163 
Rebundle,  2,795-2,802 
Recovery,  611,  614 
Recrystallization,  1,203-1,210, 1,704 
Compression,  1,203-1,210 
Grain  Size,  582-586 
Isothermal  Annealing,  582 
Non-lsothermal  Annealing,  583 
Continuous  Annealing,  585 
Static  Recrystallization, 
1,203-1,210 
TiAl,  1,203-1,210 
Reliability,  2,810 
Resistivity 

Composition  Dependence,  699 
Temperature  Dependence, 
697-700 

Resistivity-Temperature  Curve, 
697,  698,  700-703 
Ripple  Load,  2,169,  2,170,  2,171 
Rolled  Rod,  603 
Rolling  Texture,  1 ,795 


Rolls-Royce,  2,878 

Room  Temperature  Data,  2,603, 2,606 

S - 

Salt  Bath  Nitriding,  1,980 
Scrap,  62 

SCS-6  Fiber,  2,545,  2,546 
SCS-6™  Reinforced,  2,553. 2,554 
Secondary  a2.  981 , 985 
Segregation,  2,318,  2,320 
Beta  Freaks,  2,320,  2,322 
Macro  Segregation,  2,320, 2,321 
Self  Propagating  High  Temperature 
Synthesis  (SHS),  895,  896,  2,519 
Separators.  2,290,  2,291 
Shape  Casting,  68 
Casting,  67 
Impurity  Content,  68 
Ship’s  Bell,  69 
Ship,  72 

Shape  Memory  Alloy,  611 , 897, 895 
Shear  Lag  Analysis,  2,545,  2,546 
Shot  Peening,  45 
SiC  Reinforced,  2,479 
SiC,  2,561 -2,568,  2,570 
Silicides  in  Ti-6.1AI-3.2Zr-3.3Sn-1Nb- 
0.5Mo-0.32Si,  82 
Silicon  Carbide  Fiber,  2,537-2,544 
Silicide,  1,777,  1,778 
Single  Fiber  Fragmentation  Test, 

2,546 

Skull 

Furnace,  822 
Melting,  2,415-2,422 
Sliding  Friction  Force,  2,718 
Small  Cracks 

Fatigue  Crack  Growth,  1 ,750- 
1,755,  1,916-1,921 
Crack  Shapes,  1,919,  1,921 
Effect  of  Temperature,  1 ,751  - 
1,755 

Fracture  Surface,  1 ,754, 1 ,755 
Notches,  1,916-1,921 
Stress  Intensity,  1 ,75 1  -1 ,755, 
1,916-1,918, 1,921 
Snow  Sliding  Velocity,  2,715-2,716 
Solid  Solubility,  659 
Solid  Solution,  651, 739-741 
Solidification  Modelling,  11 


Solidification,  571 , 572,  576,  577 
Solidification  Structure,  2,317- 
2,323 

Solidification  Line,  2,319,  2,323 
Solidification  Temperature,  2,320 
Solidification  Phenomena,  2,320 
Solidus,  12 

Solution  Treatment  Temperature, 
643-650 

Solutionizing  Treatment,  375 
Sorting,  Automated,  2,287 
SP-700  Titanium  Alloy  - 141,  143, 

144,  146, 147,  148 
Span  to  Width  Ratio,  2,601-2,604 
Spectroscopic  Analysis 

Intensity  of  Spectral  Line,  2,408, 
2,411 

Local  Thermal  Equilibrium,  2,411, 
2,414 

Spectroscope,  2,407,  2,408, 

2,411 

SPF/DB,  2,891 

Spinodal  Decomposition,  722 
Sponge  Capacity.  54 
Sponge:  Production  Statistics,  2,228, 
2,229 

Spontaneous  Reaction  Synthesis 
(SRS),  895,  896 
Spray  Forming,  987,  991 
Spray  Reaction,  805,  806,  308 
Sputter  Ion  Plating 
Ti-6-4,  2,117 
Ti(CP),  2,117 

Stabilization  Heat  Treatment,  1 ,507 
Effect  on  Microstructure,  1,507, 
1,508 

Statistical  Process  Control 

Automatic  Exception  Detection, 
2,325-2,329 

Steady  State  Creep  Rate,  1 ,251 , 
1,256,1,257,  2,593 
Strain  and  Fracture 

Crack  Propagation,  527 
Critical  Resolved  Shear  Stress, 
527 

H.C  P.  Cell  Orientation,  527,  528 
Slip  System,  527 
Tensile  Opening  Crack  in  Plane 
Strain,  527 


Triaxial  Stress  State,  527 
Strain  Hardening  Rate,  1,163, 1,166 
Strain  Rate  Sensitivity,  979,  980, 
983-985, 1,163,  1,166 
Strain  Rate,  683-688,  979-981 , 985 
Strain  Recovery,  2,593,  2,596 
Strength-Ductility  Relationships,  77-82 
Ti-15V-3Cr-3AI-3Sn,  77-81 
Ti-15Mo-2.7Nb-3AI-0.2Si,  78,  79 
Ti-3AI-8V-6Cr-4Mo-4Zr,  78 
Ti-10V-2Fe-3AI,  79,  80 
Ti-11.5Mo-6Zr-4.5Sn,  80 
Ti-1 0V-2Fe-5Zr-3AI,  80 
Ti-5A!-2Sn-4Zr-4Mo-2Cr-1Fe,  81 
Ti-4.5AI-5Mo-1.5Cr,  81, 82 
Ti-61AI-3.2Zr-3.3Sn-1MbO.5Mo- 
32Si,  82 

Strength,  553,  1 ,647-1 ,652 
Strength-to-Weight  Ratio,  2,878 
StrengthfToughness  Relationships, 
77-82 

Ti-1 5V-3Cr-3AI-3Sn ,  77,  78 
Ti-3AI-8V-6Cr-4Mo-4Zr,  79.  80 
Ti-5AI-2Sn-4Zr-2Mo-2Cr-1  Fe, 
81,82 

Ti-4.5AI-5Mo-1.5Cr,  81, 82 
Strengthening 

Mechanism  of  Strengthening, 
244-246 
Boundary  Layer 
Strengthening,  241 , 244-246 
Strengthening  Process,  241-246 
Stress  Corrosion  Cracking,  2,074- 
2,080,2,097,  ,2,111-2,117,  2,169, 
2,170, 2,171,  2,172,  2,174-2,175 
Stress  Intensity  Factor,  353, 1 ,804, 
1,805, 1,869,2,529,2,530 
Stress-Induced  Transformation, 
643-650 

Stress-Rupture  Strength,  383 
Stress-Strain  Response,  1 ,662,  1 ,664, 
1,665 

Structural  Strengthening,  539,  540 
Structure,  683-688 

Cast  Stucture,  2,318,  2,319,2,322 
Dendrite  Stucture,  2,321 
Macrostructure,  2,853,  2,852 
Microstructure,  2,852,  2,854 
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Solidification  Structure,  2,318, 
2,319,  2,322 

Super  a2, 1,669, 1,670,  1,672, 1,675 
Super  Alpha-2,  979,  980,  985,  986 
Alloying  Additions,  2,039 
Diffusion  Bonding,  1,629, 1,630 
Modelling,  1,626-1,628 
Kinetics,  2,040 
Oxidation,  2,037 
Super  Dislocations,  1 ,148 
Super  Partials,  1,148 
Super  Plastic  Forming,  6,  202,  1 ,403, 
1,404, 1,651, 1,652 
Design,  1,319-1,328 
Equipment,  1,319-1,328 
Ti -6-22-22, 1,651,  1,652 
Super  Plasticity,  1 ,899-1 ,904,  2,773, 
2,775,  2,777 

(J-Phase  Proportion,  1 ,532,  1 ,533 
Deformation  Variables,  1 ,529- 

1.531 

Elongation  to  Failure,  1 ,531 , 

1.532 

Grain  Growth,  1 ,530, 1 ,531 
Material  Model,  1,907-1,914 
Strain  Hardening,  1,913, 1,914 
Strain  Rate  Sensitivity,  1,913, 
1,914 

Tensile  Stability,  1,913, 1,914 
Superplastic  Behavior,  871 , 1 ,421 , 
1,422 

Surface  Oxidation  Layer,  1 ,775 
Surface  Oxidation,  42 
Surface  Properties,  2,716 
Surface  Treatment,  41 
Surface 

Anodic  Oxide,  2,135-2,141 
Dielectric  Constant,  2,135-2,141 
Electrical  Impedance, 

2,135-2,141 

Electrical  Resistivity,  2,135-2,141 
Oxide  Film,  2,135-2,141 
Polarization  Resistance, 
2,135-2,141 

T - 

T40,  Alloy,  473-475 
T60  Alloy,  473,  474 
T-T-T  Diagram,  559 


TA6V  Alloy,  473,  474 
TA6V4,  747 
TA6Zr5D,  627,  633 
TCP,  551, 793,  799,801,802 
Temperature  Measurement 

Emissivity,  2,407,  2,408,  2,410, 
2,412 

Radiation  Thermometer, 

2.407- 2,414, 

Surface  Temperature, 

2.407- 2,414 

Temperature  of  Titanium  Vapor, 
2,407,2,408,2,411,2,414 
Thermocouple,  2,407,  2,410, 
2,412 

Temperature,  979-981 , 985 
Tensilel  ,852-1 ,858 
Tensile  Behavior,  1 .678, 1 ,679 
Tensile  Properties,  117,  145, 146, 

180,  306,  319-322,  495,  643-650, 
1,011-1,013,  1,058,  1,104,  1,346, 
1,374,  1,593,  1,535-1,599, 1,787, 
1,790,1,861,1,949,2,674,  2,789 
Tensile  Strength,  124,  217,  220, 

1 ,831 , 1 ,832, 1 ,877,  1 ,885-1 ,889 
Tensile  Testing,  1 ,074 
Tensile  Tests,  297,  304,  371, 515, 
613,1,780,1,790,1,899-1,902, 
2,049,  2,594 
Tension  Tests,  2,594 
Testing  Techniques 

Tension-Torsion,  1,765-1,767 
Dwell,  1,766, 1,767 
Tests 

Beta  Ti  Alloy,  2,697-2,704 
Charpy  Impact  Test,  1 ,877-1 ,880 
Tiansition  Curve,  1,878 
Fracture  Surface,  1 ,879, 

1,880 

Chemical  Composition,  1 ,358- 
1,360, 1,431 
CMA,  2,318 

Commercial  Purity  Titanium, 
1,581-1,586 

Compression,  1,702, 1,909,  1,910 
Corrosion  Resistance,  2,702 
Creep  Tests,  1,191 
Creep  Resistance,  1,188 
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Delamination,  1 ,963, 1 ,966 
Ductility,  487 
Elongation,  2,700 
Etchant,  2,318,2,321,2,322 
Etching  Condition,  2,322 
Etch  Pit,  2,318,  2,319,2,320 
Flattening  Test,  1 ,434 
Fracture  Toughness,  1 ,192-1 ,194, 
2,517 

Fretting  Fatigue,  1 ,963-1 ,968 
High  Cycle  Properties,  1 ,829- 
1,831 

Crack  Initiation  Site,  1,831-1,833 
Internal  Initiation,  1,830-1,834 
Subcrack,  1,831-1,833 
Fatigue  Strength,  1 ,831 
S-N  Curves,  1,830, 1,831 
Impact,  730 
Impact  Energy,  526 
Ingot  Hardness,  1 ,359 
Low-Cycle  Fatigue,  730,  731 
Mechanical  Properties,  1 ,432, 
1,434,  2,516-2,518 
Mechanical  Properties  at  Room 
Temperature.  1 ,360,  1 ,361 
Microstructure,  1 ,361 
Modulus  (Elastic),  2,516-2,518 
Roughness  Measurement,  1 ,432 
Strain  Path  Changes,  1 ,580-1 ,586 
Strain  Rate  Jump  Test,  1 ,909, 
1,910 

Strength,  487 

Stress-Strain  Curves,  1,703, 

2,700,  2,701 

Tensile  Properties,  484,  487,  488, 
526,1,880-1,882,  2,699,2,700 
Elongation,  1,880-1,882 
Reduction  of  Area,  1 ,880- 
1,882 

Stress-Strain  Curve,  1,881 
Tensile  Tests,  1,189, 1,191 
Tension,  1,909, 1,910 
Ti-IOV-2Fe-3AI,  1 ,963-1 ,968 
Ultrasonic  Behaviour,  1 ,361 
Uniaxial  Tensile  Properties,  1,581 
Wear  Properties,  2,702,  2,703, 
2,704 

Work-Hardening  Behaviour, 

1 ,582,  1 ,583 


Texture,  271-278, 1,000, 1,636, 1,859 
a-Based  Alloys,  271-278 
Electron  Back  Scattered  Patterns, 
271-278 

f-Factor,  (Kearns),  271-278 
Procedure,  280 
Measurements,  281 
Orientation  Distribution  Functions 
(ODF),  271-278 
Pole  Figures,  271-278,  283 
Quantitative  Texture  Analysis, 
271-278 

Texture,  Effect  on  Properties 
Ti-6AI-4V,  84-86 
Thermal  Analysis  (CDTA),  596 
Thermal  Analysis.  588,  590  591 , 593 
Thermal  Conductivity,  2,522 
Thermal  Residue  Stress,  2,537-2,544 
Thermal  Simulation  of  Weld  HAZ, 
1,116-1,121 

Thermal  Stability,  1 ,773,  1 ,775, 1 ,777 
Thermal  Treatments 

Cooling  Rate,  1 ,933,  1 ,934 
Deformation  Rate,  1,933-1,936 
Thermo-Mechanical  Treatments 
Cold-Rolling,  482 
Working,  482,  483 
Warm-Rolling,  482 
Thermochemical  Analysis,  2,310- 
2,312 

Thermochemical  Processing,  793, 

799,  801,802,  834,  835,  2,009 
Dehydrogenation,  853-860 
Hydrogenation,  853-860 
Thermochemical  Treatment,  879, 

1,979 

Thermodynamic  Properties,  27,  336 
Thermoelectric,  2,288,  2,289,  2,290, 
2,291 

Thermogravimetric  Analysis,  2,179 
Thermohydrogenous  Treatment, 

549,  941 

Thermomechanical  Processing 
(TMP),  193,  209,  210,  399,  431-438, 
627,  628,  630,  633,  1 ,034, 1 ,035, 
1,371, 1,372,  1,551 
(a+P)  Processing,  457-461 
p-Processing,  457-461 
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Extrusion,  431-438 
Heat  Treatment,  431-438 
HIP,  431-438 

Pseudo-a  Processing,  457-461 
Strain,  457-460 
Strain  Rate,  457-46 
Thermomechanical  Treatments,  89, 
489,490, 1,795, 1,685,  1,686 
Cooling  Rate,  1,636-1,638 
Effect  on  Properties,  79-82,  84-86 
Final  Heat  Treatment,  1,638, 

1,639 

Intermediate  Annealing,  1,637, 
1,638 

Ti-1 5V-3Cr-3AI-3Sn,  79-81 
Ti-5AI-2Sn-4Zr-4Mo-2Cr-1  Fe, 
81,86 

Ti-4.5AI-5Mo-1.5Cr,  81, 82 
Ti-6AI-2.7Sn-4Zr-4Mo-.45Si, 

84-86 

Ti-5.8AI-4Sn-3.5Zr-.7Nb-.5Mo- 
35Si-.06C,  84 
Ti-6AI-4V,  84-86 
Thickness  Prediction,  6 
Three-Stage  Deformation,  2,609 
Ti  15-3  Alloy,  2,609-2,610 
Ti  17,463-466,  1,339 
Ti  6242,  463-466 
Ti  6242-0.1  Si,  1,717-1,723 

Effects  of  Solution  Annealing 
Temperature,  1,719-1,723 
Primary,  1,720-1,722 
Recovery,  1 ,721 ,  1 ,722 
Steady  State,  1,720, 1,722 
Ti  6246,  1,757 
Ti  Aluminide,  1 ,235,  1 ,236 
TIG  Welding,  1,601 
Timetal  62S,  2,781 , 2,792-2,794 
Timetal  125,  2,899 
Timetal  21 S,  2,201, 2,203,  2,204, 
2,205,2,194,  2,737,2,738 
Ti  metal  1100,  2,923 
Ti  metal  38644,  2,194 
Ti  N,  2,127,  2,128,  2,133 
Ti  Powder,  805,  809 
Ti  Sheet,  1 ,601 , 1 ,602 
Ti-Ta30  Alloy,  2,757,  2,759-2,761 


Ti-0.2Pd,  2,217 
Ti-0.3Mo-0.8Ni,  2,217 
Ti-1 0-2-3,  463-466 
Ti-10V-2Fe-3AI,  79,  80,  255,  1,851, 
1,852,  1 ,854-1,858 

Ti-1 100  -  See  Ti-6AI-2.7Sn-4Zr-.4Mo- 
.45Si 

Fatigue  Crack  Growth  Behavior, 
2,043 

Fracture  Morphologies,  2,045 
Ti-1 3V-11Cr-3AI,  1,895,  2,201 
Ti-1 4AI-21  Nb,  785,  1,453,  1,456, 
1,457,  2,545 

Ti-1 5-3, 177,  761-765  1,875-1,877, 
1,881,  1,883, 1,884,  1,887-1,890, 

1 ,892, 1 ,895-1 ,898,  2,209-2,21 5 

Isothermal  Transformation, 
761-765 

Phase  Transformation,  761-765 
Ti-15Mo-2.7Nb-3AI-0.2Si,  1, 78.  79, 
153,2,737,2,738,  2,177,2,185 
Ti-1 5Mo-2.7Nb-3AI-0.2Si-0. 1 50,  2,209 
Ti-1 5Mo-3Nb-3AI-0.2-Si,  161 
Ti-15V-3Cr-3AI-3Sn,  77-80,  87,  169, 
217, 1,511.  1,867-1,869,  1,873, 
2,169,  2,170,2,172,  2,175,  2,553, 
2,554,  2,557,  2,558,  2,561 
Ti-16V,  1,947,  1,948 
Ti-1 7,  2,452,  2,453 
Ti-1 9 V,  705,  707,  708 
Ti-20AI-11Nb-0.5Si,  1,005,  1,007 
Ti-20AI-11Nb-0.9Si,  1,005,  1,007 
Ti-20AI-1 1  Nb-1  2Si,  1,005,  1,007 
Ti-22AI-27Nb,  344,  345 
Ti-23Nb-11AI,  185,  186,  189 
Ti-23V,  705,  708-711 
Ti-24.5AI-12.5Nb-1.5Mo,  367 
Ti-24.5AI-10.5Nb-1.5Mo,  1,163-1,169 
Ti-24.6A1-23.4Nb,  344,  345 
Ti-24AI-1 1  Nb,  1,593-1,600 
Ti-24AI-1 1  Nb,  996,  1,251,  1,252, 

1,254,  1,331-1,335,  1,337,  2,445, 
2,625 

Fatigue,  2,625 

Tension,  2,625 

Ti-24AI-IINb,  351,  359,  439-442, 
903-909 
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Ti-25AI-1 0Nb-3V-1  Mo,  375,  837-840, 
843,  845,  847-852,  ,971,972, 
1,235, 1,331-1,335,  1,337,  1,593- 
1 ,600, 1 ,669,  1 ,677, 1 ,679,  1 ,682, 
1,683, 1,685-1,687 
Ti-26AI-21Nb,  1,147 
Ti-27  mol%AI,  1,123, 1,124,  1,127 
Ti-3AI-8V-6Cr-4Zr-4Mo,  2,095,  2,096 
Ti-3AI-4  5MO-4.5V,  862,  86 
Ti-3A!-8V-6Cr-4Mo-4Zr,  78-80,  86,  87, 
263,415,  505,2,721 
Ti-3AR,  2,143 
Ti-4.5AI-5Mo-1.5Cr,  81, 82 
Ti-40  at  %AI,  571 , 572,  574,  577 
Ti-45.5  Ni  54.5,611 
Ti-48AI,  1,107-1,109,  1,309-1,316 
Ti-48AI-1.5Cr,  1,048,  1,057,  1,052 
Ti-48AI-1  V,  1,661-1,664,  1,665-1,667 
Ti-48AI-2.5Nb-0.3Ta,  1,074 
Ti-48AI-2Cr,  1,041-1,047 
Ti-48AI-2Cr-2Nb,  1,065,  1,083-1,089, 
1,099, 1,102-1,105,  1.499,  1.500 
Ti-48AI-2Mn-2Nb,  1,033,  1,035, 
1,107-1,109,  1,309-1,316 
Ti-48AI-2Nb-2Cr,  399 
Ti-48AI-3Cr,  1.041-1,047 
Ti-48AI-1V-0.2C,  423 
Ti-4Wt%Mg,  651 

Ti-5%  Ni,  2,751, 2,752,  2,753,  2,754- 
2,756 

Ti-5.5AI-2V-2Zr,  234 
Ti-5.5AI-1Mo-2Zr,  234 
Ti-5.8AI-4Sn-3.5Zr-.7Nb-.5Mo-.35Si- 
06C,  83-85 

Ti-52AI,  988-992, 1,309-1,316 
Ti-53AI-1Nb,  1,653-1,656 
Ti-5AI-2Sn-4Zr-4Mo-2Cr-1  ^e,  81 , 82, 
97, 105, 106 

Ti-5AI-4.5Mo-4.5V-1Cr-1Fe,  1,569 
Ti-6-22-22S,  193,  201, 202,  206,  207, 
209-212, 1,371,  1,372 
Ti-6-2222,  Ti-1 0-2-3,  Ti-15-3-3-3  Beta 
C,  IMI550,  16 

Ti-6-4  Alloy,  968-992, 1 ,403,  1 ,404, 
1,437,2,860 

Surface  Hardening,  2,009 
Ti-6.1AI-3.2Zr-3.3Sn-1Nb-0.5Mo- 
0.32Si,  82 


Ti-6.5AI-2.2Sn-1.2Zr-2.0Mo-2.2Nb- 
0.2Si,  1,709 

Ti-6242,  42,  46,  48,  319,  320,  1 ,453, 
1,456-1,458 
Ti-6242S,  295-298 
Ti-6246,  2,452,  2,453,  2,830,  2,831 , 
2,832 

Ti-662,  489,  490 
Ti-6AI-1.7Fe-0.1Si,  2,787,  2,789 
Ti-6AI-2.7Sn-4Zr-0.4Mo-0.45Si,  83.  84, 
83-86 

Ti-6AI-2.7Sn-4Zr-0.4Mo-0.45Si- 
0.0702,  2,923 
Ti-6AI-2Mo-2Cr,  755 
Ti-6AI-2Sn-2Zr-2Cr-2Mo-0.25Si,  20 1 
Ti-6AI-2Sn-2Zr-2Mo-2Cr,  1 ,647-1 ,652 
Ti-6AI-2Sn-2Zr-2Mo-2Cr-0.25Si,  1 93, 
210 

Ti-6AI-2Sn-4Zr-2Mo,  319,  320,  2,787, 
2,789 

Ti-6AI-2Sn-4Zr-2Mo-0. 1  Si,  1,453 
Ti-6AI-3Mo,  755 
Ti-6AI-3Mo-V,  755 

Ti-6AI-4V  Alloy,  1 ,379-1 ,386,  5,  17,  81 , 
81,84-86,  89-93,  96,  113,  129,  130, 
141, 145-147,  201,202.206,207,  225- 
228,  619,  777-784,  879,  882,  949, 
952, 1,421-1,423, 1 ,543-1 ,549, 1 ,587, 
1,592,  1,617,  1,787, 1,819,  1,820, 
1,827, 1,828,  1,830, 1,831, 1,833, 
1,843-1,845, 1,867, 1,868,  1,899- 
1,901,  1,939,  1 ,941 , 1 ,943,  1 ,946, 
2,128,2,169,2,170,2,172,2,173, 
2,217,  2,451-2,453,  2,472,  2.545, 
2,570,  2,729,  2,773-2,778,  2,787, 
2,789,  2,867-2869,  2,941,  ,  2,982 
Flow  Instability,  1 ,379-1 ,386 
Forged  Bars,  1,835-1,838,  1,841 
Rolled  Plates,  1 ,835, 1 ,836, 
1,839-1,841 

Stress-Strain  Behavior, 

1 ,379-1 ,386 

Ti-6AI-4V/SiC,  2,601,2,602 
Ti-6AI-5Mo-5V-ICr-IFe,  755 
Ti-6AI-6V-2Sn,  489,  490, 1 ,551-1 ,553, 
2,899 

Ti-7Cr,  1,947, 1,948 
Ti-7Mo-16AI,  185 
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Ti-8AI-1Mo-1  V,  2,170,  2,172,  2,174 
Ti-AI  Equilibrium  Diagram,  1,291, 1,295 
Ti-AI  System,  547-552 
Ti-AI,  548,  552 
Ti-AI-Mo-Ni,  2,143 
Ti-AI-Mo-Zr  Alloy,  233 
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